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Preface

As output devices, displays are usually used to convey originated information

from a machine to a person. The ability of display to provide valuable and reliable
information in real time is very important for better tracking of information and
facilitating rapid decision-making. Displays are generally used in different devices
such as televisions, laptops, monitors, mobiles, and smartphones. From 1922 to
now, the display industry has experienced rapid growth and expansion with no
signs of slowing down. For example, plasma displays, field emission displays, and
electronic papers are examples of the continued expansion of display technology.

In addition, organic light-emitting diodes (LEDs) and Digital Light Processing
(DLP) technology are other contenders for leadership in display technology. Many
believe that the microLED is the next generation of display technology, and leading
players in LED, display, original equipment material (OEM), and others are pursu-
ing it. Differentiated from liquid crystal display (LCD) and organic light-emitting
diode (OLED), microLED is considered to be the only display technology that has
no size limitation. Nevertheless, new trends such as LCD displays have increased
demand for displays due to their light weight, low operating power, and compact
design. LCD displays are applied in almost all displays smaller than 65” and there-
fore they dominate the current display market. However, they sufer from their
intrinsic limitation to go larger in size. Any small-screened electronics such as digital
watches, cell phones, and laptops can be produced by LCDs. The liquid crystals

are a different state of matter and exhibit different molecular arrangements from
the liquid and solid states. Liquid crystals promise to fill a vast array of uses in the
future. Due to the progressive physical, chemical, electrical, and optical properties
of liquid crystals, they exhibit various electronic and optical functions that make
them candidates for a variety of engineering applications such as displays, sensors,
energy-related technologies, electro-photonics, and so on. They can be used to
produce faster-responding displays and serve as building blocks of next-generation
optoelectronic devices. For instance, QD-LCDs are employed in TVs, and an increas-
ing number of consumers prefer to buy this kind of TV. Other kinds of displays have
different advantages and disadvantages. High-resolution images can be produced by
field emission displays without a bulky appearance. Excellent quality images can be
generated by plasma displays on very large screens. LED displays are already used

in huge public displays. To compete with them, microLEDs should identify their
unique value propositions or value proposition combinations to offer advantages. In
addition, it seems that OLEDs are taking an increasing market share mainly in smart
phone displays. In our modern world, touchscreen displays are used in a wide variety
of devices and are standard on handheld gadgets like smartphones and tablets.
Accordingly, high-quality displays can drive technology evolution in which new
approaches and innovative ideas in information presentation will be realized.

This book, Liquid Crystals and Display Technology, provides an overview of the
recent advances in the synthesis of liquid crystals and displays manufacturing and
their emerging applications for output devices. This book has two sections. In the
first, the chapters focus on nematic liquid crystals. The first chapter discusses fun-
damental (and already well-known) issues regarding uniaxial and biaxial nematic
phases. The next three chapters examine alignment and controlling of nematic



microdoplets dispersed in a polymer matrix, chemical modifications of helical
cholesteric liquid crystalline polyesters, and formation and characterization of
polycyclic aromatic hydrocarbons-based mesophase pitch with optical anisotropy.

The second section contains three chapters. The first chapter in this section
considers the additional functionalities beyond the regular display functions of an
active matrix organic light-emitting diode (AMOLED) display. The second chapter
describes the use of a nonporous, homogeneous, smooth, and easily process-

able graphene layer as a source contact together with an emissive channel layer

of vertical-type OLETs (VOLETs). With a functionalized graphene source, the
chapter shows that the full-surface electroluminescent emission of a VOLET can be
effectively controlled by gate voltage with a high luminance on/off ratio. Finally,
the last chapter provides an overview of tetradentate platinum(II) emitters as a
promising class of metal-organic phosphorescent dopants for OLEDs. This book
presents the most attractive and versatile technological developments in the field
of liquid crystals and display technology to provide a better understanding of the
currently ongoing research in related fields.

Morteza Sasani Ghamsari

Photonics and Quantum Technologies Research School,
Nuclear Science and Technology Research Institute,
Iran

Irina Carlescu

Gheorghe Asachi Technical University of Iasi,
Romania
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Liquid Crystals







Chapter1

Introductory Chapter: Nematic
Liquid Crystals

Irina Carlescu

1. Nematic phase

The nematic (N) liquid crystalline phase is technologically the most important
of the well-known and widely studied mesophases (nematic, smectic, cholesteric,
and columnar). Nematics are also the most used, because they illustrate the best
dual nature of liquid crystals. Hence, the molecules that form LC mesophases
(intermediate states between the crystalline and liquid phase) display a unique
combination of properties between long-range order and mobility, the basis of
the numerous technical applications [1]. However, this combination constitutes as
well an essential requirement for living matter, considering liquid crystals play a
significant role in biomolecule’s assembling, e.g., smectic phases (in phospholipid
bilayer in the cell, protein filament), columnar phases (in DNA), or nematic phases
(in chitin, collagen, cellulose, viruses, and silk) [2, 3].

Moreover, the ability of liquid crystal molecules to respond under weak external
stimuli (temperature, electric or molecular adsorbates) stimulated the intellectual
collaboration between specialists as chemists, physicists, or electrical engineers.

As a result of joining of liquid crystal science and other fields, new opportunities
for applications have been developed, involving polymers, colloids, or surfactants
[4]. Hence, soft responsive materials based on surface-induced ordering transi-
tions using nematic liquid crystal droplets dispersed within a medium or encap-
sulated into polymeric shells have been a promising perspective for experimental
research [5].

The formation of liquid crystalline phase or mesomorphism implies the transi-
tion of a pure compound from an ordered crystalline state to a disordered liquid
in two events: by a change in temperature and melting, the case of thermotropic
liquid crystals, and by adding a suitable solvent to a mesogen and dissolving, the
case of lyotropic liquid crystals. Thermotropic liquid crystalline state occurs mostly
in compounds with pronounced molecular anisotropy. Lyotropic systems, repre-
senting two- or multi-component, occur when dissolved mesogenic amphiphiles
self-assemble into ordered micelles.

Because of high mobility, nematic phases show a low viscosity, very similar to
isotropic liquids, with the difference that the parallelism of the long axes induces
the anisotropy of many physical properties. Hence, the nematic liquid crystals are
anisotropic in respect to optical properties (double refraction), viscosity, magnetic
and electric susceptibility, and electric and thermal conductivities [6].

The nematic phase is formed when the molecules are oriented to a common
direction represented by a unit vector, n, or director. Hence, optical parallelism that
depends on temperature is expressed quantitatively by order parameters S, which
measures the degree of alignment of molecules’ symmetry axes:

S:%(?acoszﬁ—l) 1
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where 0 is the angle between the director n and the local molecular orientation,
while (--) indicates the thermal average.

Subsequent discovery of a new type of nematic phase led to its classification into
two subclasses: nematic uniaxial N, (long-distance order in one preferred direction,
when the director n does not distinguish between head and tails) [7] and biaxial
nematic Ny, characterized by three orthogonal directors (a primary director n and
two secondary directors ] and m) [8]. Hence, the biaxial nematic phase has three dif-
ferent indices of refraction along the three spatial directions. In this case, the order
parameter is better described by an asymmetric real tensor order parameter ~Q [9]:

S+n

I 0 0

Q= 0 _S£U 0 (2)
0 0 S

In Eq. (2), n measures the degree of biaxial order along the secondary director,
m. When 1 is zero, it describes the uniaxial N, phase, when S reduces to Eq. (1).

Confusions between molecular biaxiality and phase biaxiality are often created.
In addition to the molecular aspect, the interactions between molecules, steric
factors, dipoles, and the ordering anisotropy in the liquid crystalline structures
are of decisive importance in observing the phase biaxiality. However, the higher
the molecular biaxiality, the greater the chances of observing the phase biaxial-
ity. Molecular modeling has played an important role in the study of the biaxial
nematic; many papers, starting from mathematical considerations and based on
potential models, deal with the simulation of molecular interactions and predict
the observation of biaxiality in chosen systems. These models led to the identifica-
tion of essential physical features, such as anisotropy, biaxiality, and electrostatic
moments, and aimed at simulating bent-core systems [10] or disc/rod mixture
systems or bent-core/rod mixture [11].

For a uniaxial nematic, the director can be aligned by a magnetic or electric
field, so almost all liquid crystals display devices that used a uniaxial nematic phase.
However, the biaxial nematic phase is technologically more important to exploit
because of high sensitivity to magnetic or electric fields, flexoelectricity, or unusual
rheological properties [8]. Hence, biaxial nematic liquid crystals can be successfully
used for electro-optic switching or to control birefringence, considering negative
dielectric anisotropy or lower viscosities associated with E-field reorientation of the
transverse director about an aligned director n. Potential applications of bent-core
nematic liquid crystals target optical data storage, holographic media, photonics, or
photoalignment of LC matrices [12, 13].

The alignment and switching of mesophases by an external field depend
on polarization of liquid crystals and orientation of the dipole (parallel to the
molecular axis or parallel to the column axis respectively). Liquid crystals that are
responsive to electric fields show ferroelectric and antiferroelectric states. The main
characteristic of ferroelectric liquid crystals (FLC) is the spontaneous polarization.
Compared to uniaxial nematic phases that do not exhibit polar properties, consider-
able interest for technological applications represents the polar switching of biaxial
nematic phases and fast response speed at low applied field strength, respectively
(microseconds vs. milliseconds for achiral nematics) [14].

If the polar order in polar smectic phases arises from chirality or asymmetric
close-packing constraints, in the case of biaxial nematics, ferroelectricity is the
result of dipole-dipole interactions (the chiral polar phases are formed even in the
case when the bent-core molecules are non-chiral).
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The polar behavior of switchable phase was predicted by molecular dynamics
simulations, which identify the structure—property relationships and evidenced
the detailed perspective of the molecular organization in liquid crystalline phases.
Hence, the nature of biaxial nematic consists of nanosized clusters of molecules or
cybotactic groups [15].

2. Molecular shape of nematic mesogens

Materials that exhibit liquid crystalline phases are called mesogens. The relation-
ship between the microscopic shape of mesogens that form the nematic phase and
the macroscopic symmetry of the phase affect their physical properties. Hence,
when designing a molecular structure, the aim is to influence and particularly
enhance the molecular polarization.

The uniaxial nematic phase is found in simplest low molar mass liquid crystals
or mesophases represented by compounds made up of long cylindrical-shaped mol-
ecules (calamitic mesogens) (Figure 1a) or discs (discotic mesogens) (Figure 1b);
the biaxial nematic phase is found to be prevalent in bent-core compounds (banana
mesogens) (Figure 1c).

The general structure of nematic liquid crystal compounds is composed of
aromatic cycles which are planar, rigid, and polarizable, connected by conjugated
double bonds along the long axis of the molecule. The rigidity of calamitic (rod-
shaped) molecules provides the orientational order of the molecular axes, while
their functionalization with one or two flexible hydrocarbon tails provides mobility
by preventing these systems from crystallizing. Overall, an essential condition that
must be met is the length of the molecule that should be greater than its diameter.
The mesomorphism is generally enhanced by the presence of strong polar groups
near the center of the molecule and by the weak polar groups at the extremities of
the molecule.

a} calamitic b} discotic
BU
X/ \\X'
Y Bending angle Y
/
R—Z \ I'—R'

c) bent-core

Figure 1.
Typical structuves in thermotropic nematic liquid crystals: (a) calamitic, (b) discotic, and (c) bent-core.
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If molecular units from nematic mesogens are chiral molecules or mixtures of
achiral molecules with optically active compounds, the molecular orientation of
a nematic phase is distinguished by a helical modulation, a characteristic to the
cholesteric phase, closely related to the nematic phase. They are of great technical
importance for appliances with displays.

The length of bent-core molecules and the bending angle of the central unit are
most important for the formation of polar ordered mesophases. Hence, a minimum
number of rings between four and five are required (for three rings the system is
stabilized by intramolecular H-bonding). Symmetric bent-core units (BU) com-
prising 2,7-disubstituted naphthalene derivatives show mesophases with highest
thermal stability, while less symmetric biphenyl derivatives exhibit wide meso-
morphic domains. Generally, increasing the size of the rigid bent unit increases the
transition temperatures, so in order to obtain polar phases, longer terminal chains
are required. The nature, position, and direction of the linking groups between the
rings influence as well the ordering in mesophases; the most commonly used are
ester and a combination of ester and imine groups. The obtaining of polar meso-
phases depends as well on the bending angle, which can vary between 105 and 140°.

In contrast to classical nematics formed by calamitic mesogens, nematic
mesophases formed by bent-core mesogens exhibit unique properties, due to high
packing density in a uniform direction and a polar order in the layers [15, 16]. As
aresult, they exhibit mesophases with a permanent polarization in the absence of
an electric field (spontaneous symmetry breaking of achiral molecules and super
helical structures).

For most rigid bent-core mesogens, nematic phases are rarely observed because
of high tendency to associate into mesophases with positional long-range order. By
contrast, flexible bent-core molecules form nanostructured nematic phases, includ-
ing the twist-bend nematic phase discovered very recently [17]. Accordingly, the
bent core nematic phase contains uniaxial, biaxial, and polar nematics and phases
with tetrahedratic symmetry [18].

3. Characterization of nematic mesophases

The most common techniques for characterization of nematic mesophases are
polarized optical microscopy (POM), differential scanning calorimetry (DSC),
X-ray scattering at wide and small angles (WAXS, SAXS), solid-state NMR, IR, and
Raman spectroscopy [19].

Nematic phase is best highlighted in polarized optical microscopy, through
which its fluidity and Schlieren texture are revealed (Figure 2). The method con-
sists in observing the texture defects for which it was concluded that the presence of
only the so-called two-brush disclinations is specific to the biaxial nematic meso-
phase and the presence of four-brush disclinations is characteristic of the uniaxial
nematic mesophase. However, texture alone is not sufficient to determine whether
the phase is uniaxial or biaxial. The microscopic method is considered less eloquent
due to the influence of the sample preparation on the obtained image, surface
effects, and the interaction between the liquid crystal sample molecules with the
walls of the microscopic plate. It is used as an early method in identifying biaxial
mesophase, but it must be accompanied by other methods in which no disruptive
external factors are involved (e.g., solid-state NMR).

Conoscopy with and without a circular polarizer represents a valuable method
to confirming biaxiality. This consists in looking at the interference image of a
sample in the focal plane. The sample must be well aligned with the director n
(homeotropic alignment) and oriented parallel to the incident light. The conoscopic
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a) - c)

Figure 2.
(a) Nematic droplets, (b) Schlieven texture of a presumably uniaxial nematic (four-brush disclinations), and
(c) Schlieren texture of a presumably biaxial nematic phase (two-brush disclinations).

image is characterized by the presence of so-called conoscopic isogyres that provide
information about the axiality of the sample [8]. If the mesophase is uniaxial, the
Maltese isogyre is observed, while if it is biaxial, a separation of the isogyres is
observed, obtaining a characteristic conoscopic image.

Texture defects, singularities, or disclinations appear in the topology (arrange-
ment of molecules) of a mesophase and are quantified by the factor S. The factor
S is defined macroscopically, for the nematic mesophase, by the number of curves
without birefringence (dark brushes) that meet in a point (S = no. of curves/4) and
can have the values +1 (for uniaxial nematic) or +1/2 (biaxial nematic) (Figure 2).

Differential scanning calorimetry signals, associated transition enthalpies and
entropies, represent the first indications that a phase might be of special interest.
Hence, the first-order nature of the transitions between crystalline, liquid crystal-
line, and disordered phase is evidenced. However, the second-order transitions of
conventional uniaxial nematic phases N, or polar biaxial N}, phases are difficult to
detect only using the DSC technique, which gives only a clue of the existence of a
mesophase; therefore a combination with other methods is required.

X-ray diffraction represents the most important method of identifying meso-
phases. The analysis of the position and intensity of X-ray reflections allows the
complete description of the mesophase structure. For nematic phases, postulates
is the proof of the presence of cybotactic clusters in the diffractogram of phases as
related to biaxiality.

Additional analytical methods for characterizing mesophases include miscibility
studies with known liquid crystals, electro-optical measurements, or light scatter-
ing to test for cluster formation in uniaxial nematics or ESR spectroscopy, dielectric
spectroscopy, atomic force microscopy (AFM), and rheology.
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Chapter 2

An Overview of
Polymer-Dispersed Liquid
Crystal Composite Films and
Their Applications

Anuja Katariya Jain and Rajendra R. Deshmulkh

Abstract

Inherent and incredible properties of liquid crystals (LC) such as optical and
dielectric anisotropy make them special candidates for flat-panel display devices;
bi-stable reflective displays; high-definition spatial light modulators; switchable
windows; haze-free normal- and reverse-mode light shutter devices; projectors;
optical, thermal and strain sensors; tuneable lenses; etc. Non-linear response of LC
material to the applied electric field is very useful in the above-mentioned applica-
tions. When a low molecular weight LC material is doped in a high molecular
weight polymer matrix to obtain polymer-dispersed liquid crystal (PDLC) films, it
offers flexibility and mechanical strength (structural stabilization) to the composite
films—PDLC devices. Depending upon the concentration of monomer/polymer,
these composite films are classified as polymer-stabilized liquid crystal (PSLC),
PDLC and holographic PDLC (HPDLC) films. Depending upon the process condi-
tions, we get phase-separated randomly dispersed micron-sized LC droplets in a
continuous polymer matrix. These nematic LC droplets exhibit light scattering
transmission properties depending on their orientation, which can be controlled by
external electric field. This chapter gives deep insight about operating principle,
phase separation techniques involved, alignment of LC and controlling LC droplet
morphology of PDLC films to obtain desired properties. In order to improve the
optical efficiency and to obtain the desired result from PDLC films, various guest
entities such as dye and nanomaterials are doped in the host LC material. This
chapter also accounts for various possible LC dopants desired for improving the
electro-optic (EO) and dielectric properties of PDLC devices. Various applications
of PDLC composite films are also described in this chapter.

Keywords: nematic liquid crystal, polymer-stabilized liquid crystal,
polymer-dispersed liquid crystal, holographic polymer-dispersed liquid crystal,
phase separation techniques, electro-optic and dielectric properties of PDLC
1. Definition and history of liquid crystals

Liquid crystal (LC) is a thermodynamic phase of a condensed matter, interme-

diate of (in between) conventional isotropic liquid and three dimensionally ordered
solid crystal with only orientational order but no positional order [1]. It holds

1 IntechOpen
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properties of liquid such as fluidity, coalescence and formation of droplets as well as
crystalline properties such as order and anisotropy in optical, electrical and mag-
netic properties (as summarized in Table 1) [2]. The difference between molecular
arrangement of solid, liquid crystal and liquid is shown in Figure 1.

This phase of matter was discovered by the Austrian botanist Friedrich Reinitzer
in the year 1888 while he was studying the compounds cholesteryl benzoate and
cholesteryl acetate. He observed colored phenomena occurring in melts of
cholesteryl acetate and cholesteryl benzoate. In addition, he reported that the com-
pound cholesteryl benzoate has two distinct melting points. Its crystal transforms
into hazy liquid at a temperature 145.5°C, and with the further increase in temper-
ature, it suddenly turns into isotropic liquid at a temperature 178.5°C [3]. The word
“liquid crystal” for this unusual phase of material was coined by German Physicist,
Otto Lehmann, a specialist in polarizing optical microscopy [4]. Friedrich
Reinitzer’s and Otto Lehmann’s studies revealed that liquid crystals (LCs) can rotate
the direction of polarization of light and reflect circularly polarized light [5]. The
history of the development of LCs can be divided into three phases: the first phase is
from the discovery of LC (1888) to the acceptance of its existence (1925). Friedel’s
article about classification of LC, along with the publications on synthesis and
studies of new LC materials by organic chemists in Germany, notably Vorlander
[6, 7], provided a firm basis for the development of the subject. In the period from
1925 to about 1960, research in the field of LC was at a low level; however contri-
bution of some devoted researcher has been summarized here: Vorlander synthe-
sized a number of compounds forming LC phases, some of them showing up to
three different mesophases. A lamellar and tilted lamellar structure was found by
Herrmann for some thallium soaps [8]. In this period, the effect of external electric
or magnetic field on the LC has been recognized, modifications of surface to orient
LC has been done, and significance of anisotropic physical properties of aligned
LC has been understood, which was the foundation of display technology of the
future world. Synthesis of new LC materials and their structure-property

Solid Liquid crystal Liquid

Anisotropic Anisotropic Isotropic

Rigidity Fluidity Fluidity

Ordered Ordered Disordered

3-D lattice 0/1/2 lattice No lattice
Table 1.

Properties of solid, liquid crystal and liquid.
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Figure 1.
Molecular arrangement of solid, liquid crystal and liquid.
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relationships has been explained using principles commencing from swarm theory
to continuum theory. Identification of mesophases, determination of transition
temperatures and awareness about defect textures through polarizing optical
microscope (POM) appreciably helped in developing a new era of LC applications
[9]. The beginning of the third period (1960 to the present time) gives us a famous
statistical Maier and Saupe mean field theory which states about the isotropic-
nematic phase transition [10, 11]. Synthesis of new LC materials is ongoing.
Classification, molecular structure and properties of LCs, defects characterizing
microscopic textures of LC phases and existence of blue phases are some topics,
which are now well understood [12-14]. The decade of 1970 is known for
announcing application of LCs as display devices. Expansion of theories and their
employment in practical applications give rise to new LC science from display
world to beyond display technology as well. Having high resolution and high
brightness and being lightweight, flexible and an energy saver make LC devices
attractive and competitive in the high-tech world. LC science has been now well
acknowledged and documented, but it is still thriving. Liquid crystal displays
(LCDs) are like a milestone for the future world, but a continuous evolution via
dedicated research is still anticipated.

2. Types and phases of liquid crystals

This special class of materials are moderate-sized organic molecules, composed
of flat segments like benzene rings, double bonds, strong dipole and easily polariz-
ing groups [15]. Depending upon the molecular structure, LC compounds may have
one or many phases (polymorphism), characterized by order and symmetry. LCs
can be broadly classified into two generic classes: thermotropic and lyotropic [1].
Commonly found LCs from either group possess a remarkable polymorphism and
give rise to various mesophases such as nematic, smectic, cholesteric, columnar
and blue phases in thermotropic LC and discontinuous, hexagonal, lamellar,
bicontinuous, reverse hexagonal and inverse cubic phases in lyotropic LC,
depending upon the type, amount and proportion of ordering in it [16]. Sometimes,
thermotropic LCs are also cataloged as rod-like (calamatic) and disk-like (discotic).
Thermotropic LC are single compounds, whereas lyotropic LC are always mixtures.
The LiqCryst database accounts for more than 39,000 nematic phase compounds,
about 18,000 chiral compounds and more than 6000 ferroelectric SmecticC* phase
compounds [17]. Some day-to-day life examples of LCs are soap solution, tobacco
mosaic virus, protein and cell membrane.

2.1 Thermotropic liquid crystals

Thermotropic LCs are comprised of rod-like organic molecules and exhibit
phase transition into the LC phase as a function of temperature. At very low
temperature, most LC materials are in anisotropic phase, but with the increase in
temperature, these LC materials acquire isotropic phase along with so many inter-
mediate phases such as smectic, nematic, cholesteric etc., which are described
below [1, 15].

2.1.1 Nematic phase
As the temperature of isotropic phase (no positional or orientation order) is

lowered, the LC material undergoes a transition to the nematic phase. It is a trans-
parent or translucent low-viscosity liquid and a stable LC phase in a particular
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temperature range. It is the most common LC phase of calamatic or rod-shaped
organic molecules, as shown in Figure 2(a) [4].

The structure of a typical nematic LC is shown in Figure 2(b), and each entity
has exclusive function. The terminal group (e.g. (CgHj3),) determines dielectric
constant and anisotropy, and benzene rings provide short-range molecular forces
which affect electrical and elastic properties; the linkage group stabilizes LC against
moisture, UV radiation and chemicals, and the side chain (e.g. cyano group) influ-
ences the elastic constants and transition temperature of LC. Figure 2(c) represents
example of nematic LC. Nematic LCs lack positional order, but have self-aligning
long-range directional order with their long axes almost parallel, characterized by a
nematic director 7, which is the average direction of the ensemble of molecules [15].
The director 7 is a function of space with unit magnitude and 7 = —. Thus, the LC
molecules in nematic phase are free to flow with three translational degrees of
freedom, and their centre of mass positions is randomly distributed as in a liquid, but
still maintains their long-range directional order. In nematic phase of LC, one axis is
generally longer and preferred than the other two, i.e., they are uniaxial and can be
approximated as cylinders and rods. The easy alignment of these uniaxial nematic LC
using electric or magnetic field makes them optically uniaxial and prominent in
display devices. However, some LCs are biaxial nematic, i.e., in addition to orienting
along their long axis, they also orient along a secondary axis [1, 18]. As the nematic
LC is relatively a low-viscosity fluid, it easily gets deformed by small external forces.
In a deformed LC, the director direction # changes from point to point. These LC
deformations can be explained using three basic deformations: splay, twist and bend,

Terminal Group Linkage Side Chain
(b)
(CgH,5)n CN
(c)

Figure 2.
(a) Molecular arrangement, (b) general chemical structure and (c) example of nematic liquid crystal.

14



An Overview of Polymer-Dispersed Liquid Crystal Composite Films and Their Applications
DOI: http://dx.doi.org/10.5772/intechopen.91889

and their associated elastic constants are K11, K, and K33, respectively. The free
energy of distortions of nematic LC is given by Eq. (1) [19]:

1 —\2 - )\ 2 . N2
F=3 {Kn(v.n) —|—K22(n.V x n) +K33(n X V X n) } )

2.1.2 Cholesteric phase

The cholesteric LC phase is typically composed of nematic mesogenic molecules
containing chiral centres. Chiral molecules have no internal planes of symmetry and
produce a twist in the nematic structure by inducing intermolecular forces which
favour alignment between molecules at a slight angle to one another. They are
composed of quasi-nematic layers. Their individual directors are turned by a fixed
angle on proceeding from one layer to the next as shown in Figure 3(a). The
rotation is constrained in a plane perpendicular to the pitch direction. The pitch (p)
is the distance over which the director of LC molecules undergoes a full twist of 2z
angle. As the phase directors at 0° and 180° are equivalent, the arrangement of
molecules in the chiral nematic phase repeats at every half pitch (p/2). Due to this
strong twisting effect, in a definite spectral range, cholesteric phase shows a selec-
tive reflection of the circularly polarized light of wavelength equal to pitch length.
The pitch length p can be altered by varying temperature or adding other materials
in LC host. With the increase in temperature, the angle at which the director
changes increases, which in turn decreases the pitch length and vice versa
[4, 20, 21]. The free energy of distortions in cholesteric LC is given by Eq. (2)

1 — 2 — — 2 — — 2
F=3 {Kn(v.n) +K22<n.V X 7 +q0> +K33(n XV x n) ] Q)
where g, = i}—” corresponds to the intrinsic twist of the system. For nematics p is

infinite; therefore g, vanishes from free energy equation of nematic LC [22].
Figure 3(b) represents example of cholesteric LC.

ss
—_— s

_—
ey

0
0 §, |p2

- Y
(a)

H,C

CH;

CH;
CH; 1
I
CH;(H,C);—C—0

(b)

Figure 3.
(a) Molecular arrangement and (b) example of cholesteric LC phase.
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2.1.3 Blue phase

The blue phases are a set of thermodynamically distinct phases that occur at the
boundary of the helical phase and isotropic phase of highly chiral LCs within a small
temperature range. It was first observed by Reinitzer in 1888 as an unstable phase,
and after a century (in 1975), they were shown to be stable and distinct thermody-
namic phase by Armitage and Price [23, 24]. In the absence of electric fields, in the
order of increasing temperature, there can be three blue phases: BPI*, BPII* and
BPIII*. BPI* has body-centred cubic symmetry, BPII* possess simple cubic symme-
try and BPIII* is with a local cubic lattice only. BPI* and BPII* reflect blue light, as
their name suggest, whereas BPIII* phase is observed at highest temperature and
appears fogy because of which it is called as fog phase or blue fog [25, 26]. The
building structure element of BPI* and BPII* phase is double-twist cylinders
(Figure 4(a)). The double-twist cylinder is a local structure of minimum free
energy with local director rotating around any given radius of the cylinders. Free
energy of blue phases is lower than the free energy of chiral nematic phase because
here molecules twist in two dimensions simultaneously (Figure 4(b)). As the local
twist is increased, the cylinder becomes strained and distorted. Therefore, blue
phase cannot have a single, large double-twist structure; instead it consists of many
of these double-twist structures arranged in a lattice with cubic symmetry. But for
elastic reasons, it is only possible by introducing a lattice of topological defects
[27, 28] as shown in Figure 4(c).

Figure 4.

( aguDouble twisted structure with two helical axes, h1 and h2 in a blue phase LC, the directors perform a
rotation of 90° across the diameter. (b) Perspective view of the double twist cylinder, the angle of dirvectors at the
outer edge of the cylinder is 45°, relative to the central axis. (c) Local arrangement of three double twist
cylinders forming a defect vegion, which eventually leads to the three-dimensional, cubic lattice of defects
observed in blue phases.

2.1.4 Smectic phase

Upon cooling, nematic phase LC transforms into smectic phase. The distin-
guished feature of smectic phase LC is their stratification. In addition to the orien-
tational order, their molecules form well-defined layers which can slide over one
another. Thus, they are positionally ordered along one direction with two transla-
tional degrees of freedom. The increased order indicates that the smectic phase is
more solid-like than the nematic. Several different smectic classes (phases) have
been discovered so far, and some of them are discussed here. In the smectic A
(SmA) phase, on average, the molecules are parallel to one another possessing
orientational order and are arranged in layers, with the long axes perpendicular to
the layer plane. The orientational order is characterized by the director 7 analogous
to the nematic LC but restricted within a specific layer/plane. Within the layers the
centre of mass of the molecules is ordered at random and has no correlation
between intra-plane centres of masses. Thus, the SmA phase (Figure 5(a)) pos-
sesses the one-dimensional quasi long-range positional order, and within the layers,
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Figure 5.
Molecular arrangement in (a) smectic A phase, (b) smectic B phase, (c) smectic C phase, (d) smectic C* phase
and (e) example of smectic phase.

molecules show relatively high mobility. The thickness of layer is equal to molecular
length. The SmA LCs are optically positive and uniaxial with the optic axis parallel
to the molecular long axes. The layers of the SmA LC can be bended in a way
causing splay deformation. Bend and twist deformations are prohibited in this LC
phase. The free energy density equation is given by Eq. (3)

F— % [Ku (V.ﬁ’)z] 3)

Upon further cooling, the smectic B (SmB) (Figure 5(b)) and smectic C (SmC)
(Figure 5(c)) phases are formed. The SmB mesophase orients with the director
perpendicular to the smectic plane, but the molecules are arranged into a network
of hexagons within the layer. In the SmC mesophase, molecules are arranged as in
the SmA mesophase, but the director is at a constant tilt angle measured normally to
the smectic plane. For some material the tilt angle is constant, but for others it is
temperature dependent. The centre of mass of the molecules is randomly oriented/
ordered, and the molecules are free to rotate around their long axes. SmC phases
are optically biaxial. If the molecules of SmC LC are in chiral state, then they are
designated as smectic C* (SmC*) (Figure 5(d)) state, and the direction of the
director projection is rotated from layer to layer forming a helix. Therefore, these
phases appear optically positive uniaxial and show optical activity and selective
reflection similar to the cholesteric phase. The SmC* shows ferroelectric properties
if their molecules have permanent dipole moment perpendicular to their long axes.

In some smectic phases (e.g. Smectic G phase), the molecules are affected
by the various layers above and below them. Therefore, a small amount of

17



Liquid Crystals and Display Technology

three-dimensional order is observed in them [1, 2, 15, 21]. Figure 5(a-d) shows the
molecular arrangement in all types of smectic phases, and Figure 5(e) is an example
of smectic phase.

2.1.5 Discotic phase

Apart from the rod-like molecules, more advanced-shaped LCs are possible such
as disk-like (Figure 6(a)) which can give rise to other types of ordering. They were
first discovered in carbon precursor compounds with a transient existence by
Brooks and Taylor in stable low molecular weight systems [29, 30].

Disk-shaped LC molecules can orient themselves in a layer-like manner termed
as the discotic nematic phase. This phase is called as a discotic columnar, if their
disks pack into stacks/columns. Again, these columns may organize themselves into
rectangular or hexagonal arrays [31]. Discotic LCs are composed of an aromatic core
surrounded by flexible chains as shown in Figure 6(b). The aromatic cores allow
charge transfers in the stacking direction through the n conjugate system, due to
which these LCs become electrically semiconducting along the stacking direction.

L
(Q

(e

(@)

Figure 6.
(a) Molecular arrangement and (b) example of disk-shaped LC.

2.1.6 Banana-shaped LC

Sterically induced packing of bent core (banana-shaped) LC molecules (Figure7(a))
is interesting from many viewpoints. These are the first ferroelectric and anti-
ferroelectric LCs, which contain no chiral carbon atoms; however they can introduce
chirality to the system [32]. One example of banana-shaped LC is shown in Figure 7(b).
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Figure 7.
(a) Molecular arrangement and (b) example of banana-shaped LC.
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2.2 Lyotropic liquid crystals

Another class of LCs is named as lyotropic LCs, having two distinct parts/
building blocks—hydrophobic and hydrophilic. Their properties depend on the
concentration in the solvent and the shape of the molecule. Soaps and detergents are
some common examples of lyotropic LCs. It consists of two or more components
that exhibit phase transition into the LC phase as a function of both temperature
and concentration of the molecules in a solvent (generally water). The solvent
molecules fill the space around the compounds and provide fluidity to the system.
In lyotropics, along with temperature, concentration is another degree of freedom
that enables them to induce a variety of different phases. A compound which has
two immiscible hydrophobic and hydrophilic parts within the same molecule is
termed as an amphiphilic molecule. Depending on the volume balances between the
hydrophobic part and hydrophilic part, many amphiphilic molecules show lyotropic
liquid-crystalline phase sequences. These structures are formed because of the
micro-phase segregation of two incompatible components on a nanometre scale. At
very low amphiphile concentration, the molecules are randomly dispersed in a
solvent without any order. At slightly higher concentration, amphiphilic molecules
spontaneously assemble into micelles or vesicles. This is done to “hide” the hydro-
phobic tail of the amphiphile inside the micelle core, exposing a hydrophilic (water-
soluble) surface to aqueous solution. However, these spherical objects do not order
themselves in solution. At higher concentration, the assemblies are well ordered. An
example of such phase is a hexagonal columnar phase (Figure 8(a)). In this phase,
the amphiphiles form long cylinders (again with a hydrophilic surface) that arrange
themselves into a roughly hexagonal lattice. This is called the middle soap phase. At
further higher concentration, a lamellar phase (Figure 8(c)) (neat soap phase) may
form. In this phase extended sheets of amphiphiles are separated by thin layers of
water. For some systems in between the hexagonal and lamellar phases, a cubic
phase (Figure 8(b)) (viscous isotropic) may exist. In this phase spheres are formed
that create a dense cubic lattice. These spheres may also be connected to one
another, forming a bicontinuous cubic phase. The objects created by amphiphiles
are usually spherical (as in the case of micelles), but sometimes disk-like (bicelles),
rod-like or biaxial (all three micelle axes are distinct) objects are also possible. These
anisotropic self-assembled nanostructures can then order themselves in similar way
as thermotropic LCs do, forming large-scale versions of all the thermotropic phases
(such as a nematic phase of rod-shaped micelles). For some systems, at high con-
centrations, inverse phases are observed, i.e., one may generate an inverse hexago-
nal columnar phase (columns of water encapsulated by amphiphiles) or an inverse

() (b) (©)

Figure 8.
Molecular arrangement of (a) hexagonal phase, (b) micellar cubic phase and (c) lamellar phase of
lyotropic LC.
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micellar phase (a bulk LC sample with spherical water cavities) [33, 34]. Different
lyotropic phases are listed below:

1.Hexagonal phase (hexagonal columnar phase) (middle phase) (Figure 8(a))

2.Discontinuous cubic phase (micellar cubic phase) (Figure 8(b))

3.Lamellar phase (Figure 8(c))

4.Bicontinuous cubic phase

5.Reverse hexagonal columnar phase

6.Inverse cubic phase (inverse micellar phase)

By varying concentration, even within the same phases, their self-assembled
structures can be tuned. For example, in lamellar phases, distance between the
layers increases with the solvent volume. Since lyotropic LCs indirectly depend on a
subtle balance of intermolecular interactions, it is difficult to analyse their proper-

ties and structures as compared to those of thermotropic LCs. Similar type of phases
and properties has been observed in immiscible diblock copolymers.

3. Properties of liquid crystals
3.1 Order parameter
To quantify amount of the orientational order in the LC phase, the term order

parameter has been introduced, it is a second-rank symmetric traceless tensor

defined as

S = % <3 cos 20 — 1>; For nematic phase 0.5<S<0.7 4)
2
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Figure 9.
(a) Liquid crystal director divection and (b) temperature dependence of order parameter.
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where 6 is the angle between the axis of an individual molecule and the local
director 7 as shown in Figure 9(a). It is the preferred direction in a volume element
of a LC, and the average is taken over the complete ensemble. The bracket denotes
both temporal and spatial average. For a completely isotropic sample, S = 0,
whereas for a perfectly aligned sample, S = 1. For a typical LC sample, the value of S
is 0.3 to 0.9, and for nematic LC, it is 0.5-0.7. Figure 9(b) shows the temperature
dependence of order parameter (S), which follows an inverse relation [11, 35, 36].

3.2 Anisotropy in liquid crystals

LCs exhibit uniaxial symmetry around the director, which gives them shape
anisotropy. The shape anisotropy of LC and their resulting interactions with the
surrounding environment (applied fields) leads to an anisotropy in many other
physical properties such as refractive index (RI), dielectric permittivity, magnetic
susceptibility, viscosity and conductivity.

3.2.1 Optical anisotropy

LCs are optically anisotropic materials and show birefringence. LCs have two
direction-dependent refractive indices, ordinary RI (#,) and extraordinary RI ( 7,)
with birefringence:

An =n, —n,. (5)

Also, the average Rl is given by

Nap =

(2 +222) (6)

W =

Optical Axis Optical Axis

n n,

n. —n0>0 Ile-l’l0<0
(a) (b)

Figure 10.
Indicatrix of optically uniaxially material: (a) positive birefringent material and (b) negative bivefringent
material.

21



Liquid Crystals and Display Technology

The value of Az may be positive or negative, which can be represented by
indicatrix as shown in Figure 10. For uniaxial crystal, it is ellipsoid where the
rotational axis is identical to the optical axis [34, 37, 38].

For rod-like molecules (Nematic LC) #, > n,, where A is positive and between
0.02 and 0.4. For discotic and chiral nematic molecules 7, <#,, and thus negative
birefringence is associated with the discotic or columnar phase.

The values of optical anisotropy Axn can be increased [39]:

1.by replacing saturated aromatic rings with the unsaturated ones
2.with the elongation of the conjugation chain parallel to the long molecular axis

3.by increasing the values of the order parameter S or decreasing the value of
temperature

4.by shortening the alkyl chain of the end molecular groups in homologous series
in the form of even-odd alternation

In general, birefringence An of LCs decreases as the wavelength of the incident
light or the temperature increases. Also, if the temperature of the LC material is
raised up to its clearing point/nematic-isotropic temperature (Tyy), its internal
order gets destroyed, and it behaves like an isotropic liquid with RI #;, as shown in
Figure 11.
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Figure 11.
Temperature dependence of refractive index (RI).

3.2.2 Dielectric anisotropy

Dielectric properties of LCs are related to the response of LC molecules upon
application of an electric field. Permittivity is a property of a material that deter-
mines how dielectric medium affects and is affected by an electric field. It is
determined by the capability of a material to polarize upon application of an electric
field and in turn partially cancels the field induced inside the material [40, 41].

22



An Overview of Polymer-Dispersed Liquid Crystal Composite Films and Their Applications
DOI: http://dx.doi.org/10.5772/intechopen.91889

E P ‘
G+ £10 € AE>0
Ae>0 E I
= 8 |
E I
5
&~ 6
.::: Isiso
S 3 I
WD
De<0  Z 2| M:

Temperature (T) Txt
(b)

Figure 12.
(a) Alignment of positive and negative dielectric anisotropic LCs in external field, (b) temperature dependence
of dielectric constant.

In the LC materials, consisting of non-polar molecules, there is only an induced
polarization, which consists of two parts: the electronic polarization (which is also
present at optical frequencies) and the ionic polarization. In the LCs with polar
molecules, the orientational polarization exists along with the above-mentioned
polarization. Considering the uniaxial LC phases in a macroscopic coordinate sys-
tem, x, y and 2, with the z-axis parallel to the director 7, it is possible to distinguish
two principal permittivities, parallel to the director ¢/ = ¢, and perpendicular to the
directore; =1/ Z(exx + eyy). gy is the characteristic of nematic LCs, as it corresponds
to the polarization contribution related to the molecules. Then the dielectric anisot-
ropy Ae = ¢ — €, can take positive or negative values. If the value of Ae > 0, then
LC molecules align parallel to the field, whereas if the value of Ae <0, then the LC
molecules tend to align perpendicular to the field (Figure 12(a)). The graph of
temperature dependence of dielectric permittivity for a typical LC (Figure 12(b))
shows that magnitude of Ae usually depends on temperature. With the increase in
temperature, liquid crystal material behaves as isotropic liquid with dielectric
permittivity e;, [15].

The mean dielectric permittivity € is temperature and frequency dependent,
which can be described as

(&1 —e1) @

3.3 Elastic properties

The behaviour of LCs in an external electric field is highly dependent on their
viscoelastic properties. While dealing with the elasticity of the nematic LC, we
assume that the order parameter S remains invariable throughout the volume of LC
at a constant temperature T and only director 7 changes with external field. The
elastic constants of LCs associated with the restoring torques become apparent
when the system is perturbed from its equilibrium configuration. These are of the
order of 10 ' N (especially for nematic and fluid smectic phases), which suggests
that a LC can be easily deformed by external forces, such as mechanical, electric or
magnetic. The resistance of the LC to the external field gives rise to deformation.
Final deformation pattern depends on the contribution of the associated elastic
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Figure 13.
(a) Splay, (b) twist and (c) bend deformation.

constants in elastic energy. For nematic LCs, it is assumed that change in elastic
energy is only due to splay, twist and bend type deformation (Figure 13). The
increase of free energy F due to these deformations is described by the continuum
theory. This theory was first developed by Oseen and Zocher and later reformulated
by Frank. It was based on the balance laws for linear and angular momentum

[4, 42]. The contribution of each deformation to the overall energy F is given by

F :% [Kn(v.n)2 F Knp(n.V x n)> + Ks3(n x V x n)z} (8)

where K11, K2, and K33 are proportionality constants of splay, twist and bend
deformations, respectively, often known as Frank elastic constants [19]. They were
forced to splay, twist and bend until equilibrium. When the system is in equilib-
rium, it is in minimum energy state [15]. Other types of deformation are forbidden
due to the symmetry and absent polarity.

3.4 Viscosity

The dynamics of LC is described by (i) velocities of the centres of the molecules
v and (ii) director field 7. Generally, these variables obey equation of continuity in
incompressible liquids, Navier-Stokes equation in anisotropic viscous liquid and the
equation of rotation of director in nematic LC. While dealing with the rotation of
director, backflow effect should be considered, which states that the rotation of
molecules (after removing external field) induces a macroscopic translational
motion in LCs. However, the mathematics associated with the above-mentioned
equations is insufficient to explain the viscosity behaviour of different LC sub-
stances and their mixtures. But in order to develop new liquid crystalline
low-viscosity materials, the following phenomenological rules should be
remembered [39]:

1. Alkyl end groups provide lower values of viscosity than alkoxy and acyloxy
end groups.

2.The viscosity is lower for shorter molecules.

3.Introducing the rings with heteroatoms increases viscosity compared to phenyl
analogues.

4.The most viscous bridging groups are the ester group —COO-, the simple bond
(as in biphenyls) and the ethane group —-CH=CH-.
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5.Replacement of phenyl ring by a trans-cyclohexane ring results in reduced
viscosity values.

The most useful compounds for reducing viscosity in LC materials are cyclo-
hexane derivatives due to their high clearing temperature, good solubility and low
viscosity.

3.5 LC in electric and magnetic field

The dependence of the free energy “F” of nematic LC on gradients of the
director field is a unique property of LC. Therefore, the measurement of elastic
constants in LC is a very crucial part in LC studies. The idea behind K;; measure-
ment is related to the registration of spatial distortions in structure induced by
different factors such as electric field, magnetic field and thermal and surface
fluctuations for which the following methods can be employed:

1. Optical method (Freedericksz transition)
2.Light scattering

3. Alignment inversion walls

4. Cholesteric-nematic transition

Out of which the optical method based on Freedericksz transition is the simplest
and most significant from the application point of view [40].

3.5.1 Freedericksz transition

In the absence of any surface alignment or external field, LC directors of nematic
molecules are free to point in any direction. However, it is possible to force the
director to point in a specific direction by introducing an outside agent to the
system. For example, when a thin layer of polymer (usually a polyimide (PI)) is
coated on a glass substrate and rubbed in a single direction with a velvet cloth, it is
observed that LC molecules in contact with that surface get aligned along the
rubbing direction and achieve uniform director configuration. Upon application of
magnetic or electric field for any distortion to occur (to overcome the elastic and
viscoelastic forces of LC), the strength of the applied field has to be larger than
certain threshold value [21]. Initially, when electric field is low, no change in
alignment occurs. However, as we increase electric field above threshold, the LC
director changes its orientation from one molecule to the next, and deformation
occurs. This threshold is called the Freedericksz threshold, and the transition from a
uniform director configuration to deformed director configuration is named as
Freedericksz transition. To find out various elastic constants, we need to under-
stand geometry of confined LC molecules and applied external field. The external
field may be either electric or magnetic; it is more convenient and accurate to
record electric field because measurement of magnetic field near to the sample is a
tricky procedure due to the field inhomogeneity, and temperature dependence of
Hall probe, etc.

Consider two, coated and rubbed (along X direction), conducting glass plates,
separated by a distance “d”. Due to this, LC director tends to align along the
direction parallel to the flat surface (X direction). Now we consider the following
cases which give rise to splay, bend and twist geometries [20].
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3.5.1.1 Twist geometry

An electric field is applied perpendicular to the x-axis. Let this be the y-axis. If
the anisotropy of the dielectric susceptibility is positive, then the director tends to
align along the direction of electric field, rotating away from the x-axis towards the
y-axis. Let us call the angle between the director and the x-axis be 0. If we consider
the dimensions of the flat pieces of glass to be much larger than the separation, then
0 should not be a function of x or y but should depend on 2 (an axis normal to the
surfaces of the glass). This geometry is illustrated in Figure 14.

Electrlc Fleld Absent Electric Field Present
(a) (b) (c)

Figure 14.
Twist deformation in nematic LC molecules: (a) initially oriented planar cell, (b) sketch of molecular
reovientation, and (c) deformation induced by electric field.

3.5.1.2 Splay geometry

A director is oriented along the x-axis, but now the electric field is applied in the
z direction. The director now has x and z components, and 6(z) is measured from
the x-axis to the director in the xz plane as shown in Figure 15.

333
4 ====;
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(a) (b) (c)

Figure 15.
Splay deformation in nematic LC molecules: (a) initially oviented planar cell, (b) sketch of molecular
reovientation, and (c) deformation induced by electric field.

3.5.1.3 Bend geometry

The last geometry also involves both splay and bend. As shown in Figure 16, the
boundary conditions are such that the undistorted director points along the z-axis
and the electric field is applied along the x-axis. The angle 0(z) now is measured
from the z-axis to the director in the xz plane.

The threshold value for deformations of the director 7 in the electric (E;) and
magnetic field (B;) is given by
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Figure 16.
Bend deformation in nematic LC molecules: (a) initially oriented homeotropic cell, (b) sketch of molecular
reovientation, (c) deformation induced by electric field.
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where Kj; is elastic constant; i = 11, 22, 33 corresponds to splay, bend and twist
deformations respectively; u, is permeability of free space and Ay is anisotropic
diamagnetic susceptibility.

3.6 Alignment of liquid crystals

To manufacture LC device with desired electro-optic (EO) effect, confinement
and alignment of LC molecules in a specific direction is very essential. Mauguin
reported that LC domains could be aligned by placing them in contact with a crystal
surface. The structure of LC nearby interface is different from that in the bulk. The
interfacial LC molecules change the boundary conditions and influence the LC in
bulk. By controlling the LC directors at the surface, reproducible director orienta-
tions can be obtained. The different interaction (anchoring) conditions of LC
molecules with their neighboring phase (solid substrate) give rise to different types
of liquid crystal display (LCD) devices with varied properties [4, 31, 38, 43-46].
Various types of LC molecule alignment can be induced by treating the supporting
substrate differently. The most common types of alignment are homogeneous
(planar) and homeotropic.

3.6.1 Homogeneous alignment

This is also called as planar alignment (Figure 17(a)). Here, directors of LC
molecules are oriented parallel to the electrode surface. Homogeneous alignment
refers to the unidirectional orientation of the molecular axis in the planar mode and
displays birefringence with excellent optical quality [47]. It can be achieved using
surface treatment methods, such as obliquely evaporated SiOx layers, Langmuir—
Blodgett films, photoalignment and rubbed polymer films [48-50]. Out of which
photoalignment and mechanical rubbing are more promising techniques. In
photoalignment, materials like polyvinyl alcohol (PVA) or polyvinyl cinnamate
(PVC) are coated on indium tin oxide (ITO)-coated glass plates. These materials are
illuminated with polarized ultraviolet light, which forces the LC directors to align
parallel to the specific surface direction. Another method is rubbing, invented by
Mauguin in 1911; in this method electrode is coated with transparent polymeric
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Figure 17.
(a) Homogeneous and (b) homeotropic alignment of liquid crystals. [1, PI coated ITO glass plate; 2, LC
molecules].

material (generally PI), followed by baking and rubbing [45, 51]. The thin layer of
PI is known for its exceptionally strong and outstanding heat, mechanical and
chemical resistivity [52]. The mechanical treatment such as unidirectional rubbing
modifies surface topography by breaking the symmetry and creating linear micro-
grooves on the polymer surface [48, 53, 54]. The rubbing direction on one ITO plate
is 0° or 90° with respect to other depending upon the parallel/antiparallel or twisted
mode, respectively [55, 56].

3.6.2 Homeotropic alignment

In homeotropic alignment the LC molecule directors are oriented perpendicular
to the electrode surface (Figure 17(b)). It can be achieved by treating the surface
with a surfactant such as hexadecyltrimethylammonium bromide (HTAB), lecithin
and polymers [57]. The polar head of a surfactant chemically attaches to the sub-
strate, and the hydrocarbon tail points out, perpendicular to its surface. At this
point maximum intermolecular interaction between LC molecules and surfactant
promotes perpendicular anchoring of the nematic LC director. However,
surfactant-based homeotropic alignment is not stable against humidity and heat
(58, 59].

Apart from these two standard alignments, there are many other variations such
as hybrid, twisted, supertwisted, fingerprint, multidomain vertically aligned, etc.
which are employed in various LCD devices.

4. Applications of liquid crystals

LC science and applications now permeate almost all segments of the society
from display technology to beyond display front. LCD is a well-known and leading
application of LC [60] in the information display industry. They are used in small-
sized displays such as smart phones, calculators, wearable displays and digital
cameras, medium-sized displays such as desktop and laptop computers and large-
sized displays such as data projectors and direct view TVs. They have the advan-
tages of having high brightness and high resolution and being flat paneled, energy
saving, light weight and even flexible in some cases [61]. To select the appropriate
LCD for application and to tailor their optical performance, we need to understand
broad classification (Figure 18) of LCD and their basic mechanism [62]. Till date
mainly three types of LCD have been developed: transmissive, reflective and trans-
reflective.
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Classification of LCD.

4.1 Transmissive LCD

A transmissive LCD transmits a backlight for illuminating the LCD panel, which
results in high contrast ratio and high brightness. As their viewing angle is limited,
they are more suitable for single-viewer applications, such as games and notebook
computers. To make them applicable for multiple viewers, such as televisions and
desktop computers, a phase compensation film should be introduced in them. They
can also be used for projection displays, for which a high-power arc lamp or a light-
emitting diode (LED) array is used as a light source. The most common and finest
example of transmissive LCD is twisted nematic liquid crystal (TNLC) cells which
are extensively used for notebook computers, where viewing angle is not critical. Its
operating principle is based on the ability of the nematic LC to rotate the polariza-
tion of light beams passing through it [43, 63].

4.1.1 Twisted nematic liquid crystal cell

It was first invented by Schadt and Helfrich and demonstrated by Fergason in
1971 [64, 65]. It consists of two ITO-coated glass substrates, additionally coated
with transparent alignment layers, usually PI. These PI-coated glass plates are
rubbed with velvet cloth in one direction; as a result, the LC molecules orient
parallel to the rubbing direction. The rubbing directions on two substrates are
perpendicular to each other. These glass plates are arranged in such a way that a 90°
twist of director from one substrate to the other is formed inside the cell. The cell is
kept in between two crossed polarisers in such a way that their polarization is
parallel to the rubbing direction of the same glass substrate. In the absence of
electric field, the top LC alignment is parallel to the optical axis of the top polarizer,
while the bottom LC directors are rotated 90° and parallel to the optical axis of the
bottom polarizer (analyzer) as shown in Figure 19(a). When dAn > 0.5\ (the
Gooch-Tarry’s first minimum condition) is satisfied, the incoming linearly polarized
light will follow closely the molecular twist and transmit the crossed analyzer. Here
An is the birefringence of LC, d is the cell gap, and A is the wavelength of the light.
This is called the normally white (NW) mode, since light is transmitted without
application of any voltage. In the voltage-on state (Figure 19(b)), the LC molecules
undergo a Freedericksz transition. In this state, the director of the nematic LC is
parallel to the field and no longer twisted. When polarized light enters a cell in such
a configuration, it is not twisted and is absorbed/blocked by the analyser, resulting
in a dark state. Regions where an electric field is applied appear dark against a bright
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Light is Transmitted Light is Blocked
By Analyzer by Analyzer

Figure 19.
Twisted nematic LCD in (a) OFF state and (b) ON state. [1, unpolarised light; 2, polarizer; 3, PI coated ITO
glass plates; 4, LC droplets; 5, polarized light].

background. Because of the orthogonality of boundary layers, the dark state is
achieved at relatively lower voltage. Depending on the field strength, twisted
nematic displays can switch between light and dark states, or somewhere in
between (greyscale.) How the LC molecules respond to applied field is the impor-
tant characteristic of this type of display. However, every device has some short-
coming, in TNLC is its narrow viewing angle and poor color production. To
overcome these problems, new technologies such as in-plane switching and vertical
alignment mode have been introduced [61].

4.2 Reflective LCD

In R-LCDs, the necessity of backlight source (as in transmissive-type LCD) has
been seized. They reflect ambient light for displaying images. Therefore, they
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consume low power, are lighter in weight and have good readability in outdoor
environment, but are inapplicable under low or dark ambient conditions.
The R-LCDs are of two types: direct view and projection view.

4.3 Trans-reflective LCD

In order to overcome the drawbacks and to take advantage of both transmis-
sive as well as reflective LCDs, trans-reflective LCDs have been developed, which
use both ambient light and backlight to display images based on availability
and necessity. It has a semi-reflective film in the back of LCD screen, the backlight
can transmit through it so that it may work as a transmissive mode, but the front
light cannot pass through it and get reflected, and it simultaneously works as a
reflective mode. Broadly, trans-reflective LCDs are classified into four categories:
(a) absorption, (b) scattering, (c) reflection and (d) phase retardation. As the name
suggests, the first category absorbs light, and the corresponding device is referred to
as guest-host (GH) display. The second one scatters light, and polymer-dispersed
liquid crystal (PDLC), polymer-stabilized liquid crystal (PSLC) and LC gels are
related technologies. The third category is based on reflection of light. The fourth
one modulates the phase of an incident light. Here we will discuss operating princi-
ple of PSLC, PDLC and holographic PDLC (HPDLC).

4.3.1 Guest-host display

These types of display systems were first introduced by Heilmeier and Zanoni
[66]. As the name suggests, in these systems light is absorbed by the guest material,
which are generally dichroic dye molecules, dissolved in a host LC material.
Dichroic dye molecules are rod-shaped molecules, which absorb light of certain
wavelength more along one axis than the other. Dye molecules get dissolved in LC
and orient along with LC molecule. Upon application of external field, the rotation
of absorption axis of dye molecule along with LC molecule modulates light trans-
mission. Mainly, there can be three types of GH displays exist: the Heimeier type,
the double-layer type and the PDLC type, which uses 1, 2 and zero polarizers,
respectively [15, 67].

4.3.2 Polymer-liquid crystal composites

Polymer-LC composites are thin films prepared from phase-separated high
molecular weight polymer and low molecular weight LCs. The polymer, which is
homogenously mixed into LC, provides mechanical and structural stabilization to
LC devices. Polymer-LC composites have been used in a wide range of applications
such as high-definition spatial light modulators; switchable windows; flat-panel
large area flexible displays; light valves; color projectors; thermal, optical and strain
sensors; bi-stable reflective displays and haze-free normal- and reverse-mode light
shutter devices [68-71]. The confinement of LC material in both dense polymer
matrix and moderate polymer networks modifies the bulk LC phase. Depending
upon the concentration of monomer unit, they are classified as polymer-stabilized
liquid crystal or polymer-dispersed liquid crystal or holographic polymer-dispersed
liquid crystal (HPDLC). In PSLC, polymer forms a sponge-like structure in a con-
tinuous LC medium. The concentration of LC is much higher than the polymer
concentration. In PDLC, the LC is in the form of micron- and submicron-sized
droplets, which are dispersed in a continuous polymer matrix. The concentration of
polymer is comparable to the LC [61]. In HPDLC the polymer concentration is high
around 60-70 wt%. As droplet size is much smaller than the visible wavelength,
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HPDLC films are free of light scattering. These films have faster response time and
require higher switching voltages. In PDLC and HPDLC films, no surface alignment
layer is needed [72].

5. Polymer-stabilized liquid crystal

Polymer-stabilized liquid crystal is a thin composite film prepared from the
homogenous mixture of LC and monomer. Typically, the monomer concentration
in PSLC is less than 10% of the total weight. The small amount of monomer is used
to stabilize/lock the oriented LC structure at different optical states and to reduce
the switching time and operating voltage [73]. The homogenous mixture of LC and
polymer is prepared and filled into the prefabricated cells made of transparent ITO-
coated electrodes for photopolymerization using PIPS technique [51]. For improved
display performance, LCs should be homogenously and uniformly aligned inside
the cell. To control the orientation of LC, the inner face of electrodes is coated with
a transparent polymeric material (generally PI) followed by baking and rubbing
[53]. A thin layer of PI is known for its excellent strong and outstanding heat,
mechanical, and chemical resistivity [53]. The mechanical treatment such as unidi-
rectional rubbing modifies surface topography by breaking the symmetry and cre-
ating linear microgrooves on the polymer surface [48, 54, 56]. The rubbing
direction on one ITO plate is 0° or 90° with respect to the other depending upon the
parallel/antiparallel or twisted mode, respectively [55, 74]. This induced anisotropic
surface diffuses monomer molecules preferentially along the rubbing direction. Due
to strong interaction and anchoring between LC and monomer, the polymer net-
work formed during/after polymerization keeps the LC director in a definite direc-
tion [75]. Along with the surface alignment layer, the configuration and orientation
of LC can also be controlled by application of external field and/or temperature
during photopolymerization. Even low electric field is sufficient to align the LC
director along the field by fixing torque on it. After establishing the proper combi-
nation of surface treatment and applied field, the sample is irradiated by ultraviolet
(UV) light to induce photopolymerization to obtain the desired texture. Since the
monomer concentration is very small, a continuous LC texture along with
interconnected, interpenetrating and mitigated polymer network can be obtained
after polymerization [61, 76-78] as shown in Figure 20.

Because of application of electric field during photopolymerization, oriented LC
domains are formed. Also, this controlled alignment of the LC molecules between
polymer networks has significant effect on the transmittance, absorbance, response
time, and dielectric properties of PSLC films [79].

ITO-Coated Glass Plate

#> &—— | .C Droplet

Polymer Network

Alignment Layer

Figure 20.
Polymer stabilized liquid crystal.
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5.1 Morphological analysis

Figure 21 shows POM images of PSLC films which are prepared using LC BL036
and prepolymer NOA-65 in 95/5 wt/wt% ratio under different rubbing directions
and in the absence and presence of electric field [80].

Figure 21 shows the POM image of four types of PSLC films named as “A”
(antiparallel rubbing; electric field absent), “B” (antiparallel rubbing; electric field
present), “C” (twisted rubbing; electric field absent) and “D” (twisted rubbing;
electric field present). On the acute observation of these images in all the four
samples, complex geometrical structures of LC and polymer network were found.
Samples A and C which were prepared without applying any electric field during
polymerization showed rectilinear alignment. Since polymer network has a strong
aligning effect on the LC, therefore it tends to keep LC in the aligned state [81]. In
these films, polymer chains move throughout the sample parallel to the rubbing
direction; therefore shorter chains with smaller domains entrapped between them
were observed. In the case of samples B and D, which were prepared by applying
electric field during polymerization, bigger LC domains were formed. Upon appli-
cation of electric field during sample preparation, LC material orients and often
indefinitely retains the alignment imposed by an electric field [82]. Because of the
adsorption of LC droplets at the polymer wall, polymer network grows in the direc-
tion of field. Due to which cross linked, thicker and topologically defective polymeric
walls were formed. Also, diffraction of light was observed from polymer nodules.

The effect of electric field on the orientation and confirmation of the LC material
between the boundaries of polymer network gives deep insight in understanding
PSLC film behaviour.

Figure 21.

POM images of homogenously aligned PSLC films: (A) antiparallel rubbing cured without any voltage, (B)
antiparallel rubbing cured by applying 10 V, (C) 90° twist rubbing cured without any voltage and (D) 90°
twist rubbing cuved by applying 10 V, observed using 5 x objective.
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Figure 22.

Effect of voltage on homogenously aligned PSLC film sample A (anti-parallel rubbing; electric field absent
during polymerization) observed at (a) o 'V, (b) 2V, (c) 6 V, (d) 10V, (e) 20 V (f) 40 V, (g) 60 V and
(h) 80 V using 5 x objective lens.
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Figure 22 shows effect of electric field on sample A, prepared with antiparallel
rubbing direction and in the absence of field. Upon application of low electric field
of ~10 V, change in color was observed, which indicates change in refractive index.
The change in refractive index is basically due to orientation of LC molecules in the
domains. Also ~10 V vivid polymeric boundaries were made visible due to adsorp-
tion of LC molecules on frozen polymer network. On the application of high electric
field of ~40 V and above, dark homeotropic state with the LC directors aligned
perpendicular to the substrate surface was observed [83].

5.2 Voltage dependence of transmittance at fixed frequency

The voltage-transmittance curve (Figure 23) of PSLC film indicates that it
follows an opposite trend to that of the PDLC films. It is clear from the graph that
PSLC film has maximum transmittance (Topr) when no voltage is applied. Upon
application of electric field, the LC orientation changes from planar to homeotropic
state of alignment, and the transmission decreases rapidly for PSLC film.

At a particular voltage, transmittance of PSLC decreases by additional 10% of
the OFF-state transmittance; this voltage is termed as threshold voltage (Vry).
With the further increase in voltage, the polarization state of light is perpendicular
to the analyser which gives dark state or minimum transmittance (Toy) state, A
definite value of voltage at which PSLC film achieve Togr state is termed as ON-
state voltage (Voy) condition.

The ratio of maximum to minimum transmittance gives contrast ratio (CR) of
the film, and difference between maximum and minimum transmittance gives
transmittance difference (AT). Mathematically

_ Torr(%)
CR= Ton(%) an
AT(%) = Torr(%) — Ton(%) (12)

Table 2 gives voltage-transmittance data of PSLC film prepared using monomer
NOA-65 and LC BL036 in 95/5 wt/wt%.
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Figure 23.
Transmittance vs. voltage curve of PSLC film.
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Sample Torr (%) Ton (%) AT (%) CR Vru (V) Von (V)
N36 83.6 0.20 83.4 418 2 25
Table 2.

Voltage-transmittance data of PSLC film prepaved using monomer NOA-65 and LC BL036 in 95/5 wt/wt%
ratio.

5.3 Hysteresis effect

In a scan up cycle, as voltage increases from 0 V to Vjyay, transmittance of PSLC
films decreases from Topr to Ton, Whereas in scan down cycle as voltage decreases from
Von to 0 V, transmittance increases from Ty to Togr, but it does not follow the same
path. The above observed phenomenon is termed as hysteresis and should be minimized
for better electro-optic properties. It was observed that at a given voltage, transmittance
for scan up cycle was higher than the transmittance for scan down cycle. A measure of
hysteresis is given by the voltage width at half of maximum transmittance (AVsp). The
hysteresis behaviour of a PSLC composite film is shown in Figure 24. Also, hysteresis
effect was not observed at high fields because at higher voltages of scan down cycle, LC
domains remain in the same state of orientation. However, when the applied field is
reduced further, reorientation of LC domains begins, giving rise to hysteresis effect.
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Figure 24.
Hysteresis curve of PSLC film.

5.4 Response time

Response time is the sum of rise time (z,) and decay time (z4). Upon application
of electric field, LC molecules align along the field, and transmittance of film
decreases in PSLC. The time in which transmittance of film reaches from 90-10% is
termed as rise time. On the removal of field, these LC molecules relax back to their
initial position. The time in which transmittance reaches from 10-90% is termed as
decay time. Variation in rise and decay time of PSLC films with respect to applied
voltage is shown in Figure 25. However, with the increase in voltage rise time
shortens, but the trade-off is longer decay time [83, 84].
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Figure 25.
Rise and decay time vs. voltage curve of PSLC film.

5.5 Dielectric properties of polymer-LC composite films

Polymer-LC composite films are complex heterogeneous system, holding intrin-
sic anisotropy of LC and polymer. In order to gather the information about the
structure, alignment, phase transitions and intermolecular interactions of compos-
ite films, knowledge of their dielectric properties is essential [85, 86]. For this
purpose dielectric relaxation spectroscopy (DRS) is one of the best methods to
measure the dielectric constant and associated parameters with high accuracy and
sensitivity in polymer-LC composites. It is based on a concept of “energy storage”
and resulting “relaxation” per release of this energy by the system’s individual
components. By developing analogy between polymer-LC composites and passive
electrical circuit, polymer-LC composite films can be conveniently illustrated as a
parallel plate capacitor. Here, two ITO-coated glass plates act as a parallel electrode
with plate separation d and plate area A, and polymer-LC material acts as a dielec-
tric material as shown in Figure 26(a). The effective circuit of polymer-LC cell is
shown below (Figure 26(b)), where R, is the resistance of electrodes and Ry p and
Cyp are resistance and capacitance of polymer-LC layer, respectively.

The capacitance is measured, and the relative permittivity ¢, can be calculated
from the formula given below:

gogA
Cy,= 7

(13)

where g9 = 8.854 x 10~ F/m is the permittivity of free space. Relative permit-
tivity &, is complex quantity, also known as dielectric constant; it depends on
parameters like temperature, pressure and frequency. To elucidate the frequency
dependence of ¢,, we must understand the different polarization mechanisms that
contribute to the dielectric constant (permittivity). In response to an applied elec-
tric field, various types of polarisations may arise, such as electronic, ionic,
orientational and interfacial [87].

a. Electronic/atomic polarization: Electronic polarization occurs when the
electric field displaces the centre of a negatively charged electron cloud
relative to the positive nucleus of the atom and induces a dipole moment. It
has been found to be independent of frequency and vanishes as soon as the
electric field is removed [88, 89].
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Figure 26.
(a) Schematic of polymer-LC composite film and (b) polymer-LC composite films as RC-circuit.

b. Ionic/displacement polarization: Ionic polarization also called as vibrational
polarization occurs in ionic substances and is related to the displacement of
atoms, causing the separation of charges [90, 91].

c. Dipolar/orientational polarization: Dipolar polarization usually occurs in
materials with permanent dipoles. Under normal conditions, these materials
exhibit zero net dipole moment and polarization, as the dipoles in these
materials are randomly distributed/oriented. Upon application of an external
electric field, the dipoles tend to orient along the direction of applied field,
resulting a non-zero net dipole moment and polarization [90, 91].

d. Interfacial/translational polarization: Interfacial polarization is associated
with migrating charges, by electrons or ions, over macroscopic distances in an
applied field. These charges get trapped and accumulate at physical barriers
such as defects, impurities, voids and grain or phase boundaries. The
accumulation of charges distorts the local electric field and causes
permittivity. Interfacial polarization is most prevalent in heterogeneous
system like polymer-LC composites and is usually observed at lower
frequencies. In general, a given dielectric material exhibits more than one
polarization mechanism, and the average dipole moment in a given material is
the sum of all polarization contributions. All four types of polarization occur
at low frequency. Each of the above-mentioned polarization processes has
specific features in the frequency and temperature dependence of the real and
imaginary part of the complex dielectric permittivity. Figure 27 shows the
frequency dependence of various types of polarisations [90-92].

As frequency increases the contribution from each type of polarization succes-
sively decreases because polarization can no longer follow the variation in the field.
As a result, there is a decrease in dielectric constant (relative permittivity) with
the increasing frequency. The frequency dependence of dielectric constant reflects
the fact that a material’s polarization does not respond instantaneously to an applied
field. The response must always arise after the applied field which can be
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Figure 27.
A Dielectric constant Spectrum over a wide range of frequencies. € (w) and €' () denote veal and imaginary
part of the dielectric constant (relative permittivity) respectively.

represented by a phase difference. For this reason, dielectric constant is often
treated as a complex function of the angular frequency (o) of the applied field
[93, 94].

5.5.1 Complex dielectric constant

The frequency-dependent permittivity characterizes amplitude and timescale
(via the relaxation time) of the charge-density fluctuations within the sample. For
the evaluation of relaxation time (time required for LC droplet reorientation),
dielectric permittivity is expressed as a complex function of angular frequency
(w) of applied field:

& (0) = &(w) — i () (14)

where ¢ (@) and ¢’ (w) are real and imaginary parts of the complex dielectric
constant.

Relaxation processes are characterized by a step-like decrease of the real part ¢
and a peak in the imaginary part ¢”of the complex dielectric function ¢* (w) with
increasing frequency. The real part is related to stored energy also called as
dispersion, whereas imaginary part is related to loss of energy or dissipation called
as absorption of the system. It is reasonable to introduce here a quantity “loss
tangent”, which is a measure of the energy dissipated due to oscillating field also
known by dissipation factor “D” [21, 92, 95]:

/

8// (w)

tand =
é(w

(15)

For parallel plate capacitors with ideal dielectrics, the loss angle 6 can be
graphically expressed as shown in Figure 28.
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Here, V is the applied voltage and I. and Iy are the vector components of current
I. The current I, represents a non-lossy capacitive current proportional to the charge
stored in the capacitor; it is frequency dependent and leads voltage by 90°. The
current Iy, is the alternating conduction current in phase with the applied voltage V,
which represents the energy loss or power dissipated in the dielectric [96]. If y is
the phase difference between the potential and current, then

6=90—y (16)

To promote maximum energy storage in a capacitor, the dielectric loss, origi-
nating from interfacial, dipolar, distortional and conduction losses, should be min-
imal [87]. In general, dielectric loss increases with increase in humidity,
temperature, frequency and amplitude of the applied voltage for most of the
materials.

5.5.2 Macroscopic models for dielectric spectra

Dielectric relaxation processes are usually analyzed using model functions.
Starting from the Debye function, several formulas for both the frequency and the
time domain have been suggested to describe the experimentally observed spectra.
The most important approaches are discussed below [97, 98].

a. Debye model: It is a method to study the dielectric behaviour of a material by
measuring the complex dielectric permittivity versus frequency at constant tem-
perature and ambient pressure. As the dielectric spectrum is obtained in a fre-
quency domain, it is called as a frequency domain dielectric spectroscopy
(FDDS). If a single relaxation is considered, it is known as Debye-type relaxation,
and the time assumed for it is Debye relaxation time which is inversely related to
the critical relaxation frequency. It is the point where dissipation factor is maxi-
mum. The relaxation frequency f is related to relaxation time 7 by the relation

1 1

The dispersion and absorption terms for single relaxation as a function of the
field angular frequency o and relaxation time 7 are given as

Ic

\llJ

Figure 28.
Graphical vepresentation of loss tangent.
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(6

€)= ety 55 (18)
(66wt
@) =1 ma (19)

Debye relaxation is usually expressed in terms of the complex dielectric constant
e* (w) of a medium. On putting values from Egs. (18) and (19) in (14), we get:

oy (0¢')
e (0) = €w +m (20)

where 8¢’ = ¢; — €. is dielectric strength of the material, which is the voltage
a material can withstand before breakdown occurs. € and ., are static (at

20 Hz frequency) and optical (at relaxation frequency f) values of the relative
dielectric constant, respectively, which were obtained by experimental
relaxation spectra [91, 99-101]. The frequency dependence of real and imag-
inary components of complex dielectric constant of PSLC film is shown in
Figure 29(a) and (b), respectively.

b. Cole-Cole model: To describe secondary relaxations, Cole-Cole model has
been used, given by the equation

(0¢)
1+ (iw7)"™ 21)

e* () = ¢ (w) — i€ (w) = €00 +
where a is known as the distribution parameter and other terms are the same as
in Debye model. The exponent a characterizes the breadth of the relaxation
time distribution and ranges from 0 (infinitely broad distribution) to 1 (Debye’s
single relaxation time limit), describing different spectral shapes. When a = 0,
the Cole-Cole model reduces to the Debye model. The graph drawn between
imaginary part ¢” and the real part ¢’ of the dielectric constant with frequency
as a parameter, shown in Figure 30, is known as a Cole-Cole plot [102, 103].

It is useful for the interpretation of molecular dynamics of materials which
possess one or more well-separated relaxation processes with comparable mag-
nitudes. How well the ¢ and ¢” are fitted to form semicircle is an indication of
the nature of relaxation behaviour. All the above-mentioned parameters were
determined from fitting the experimental data of dielectric spectra with
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Figure 29.

Frequency dependence of (a) veal component and (b) imaginary component of complex dielectric constant of
PSLC film.
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Figure 30.
Cole-Cole plot of PSLC film at 25°C temperature.
Sample f (MHz) & €0 o¢ 7 (s) a
A 13.2 29.9 2.53 27.4 1.21E - 08 0.022
Table 3.

Fitting parameters of various PSLC films.

Cole-Cole approach of the Debye equation and are shown in Table 3. The
frequency corresponding to the top point of this semicircle curve is the relaxa-
tion frequency f of orientational polarization of LC domains. At this point
dielectric heating is maximum due to which dissipation factor is also maximum.
The angle ¢ between arc radius and €'-axis gives distribution parameter a:

ar
»== (22)

If the centre of the semicircle lies on the &'-axis, then the distribution param-
eter a = 0 (Debye type), and if the centre is below the ¢'-axis, then a # 0 (non-
Debye type), while if & > 0.5, there could be more than one relaxation process.
The calculated value of @ indicates that the PSLC film exhibits non-Debye-
type relaxation process [104-106].

5.6 Conclusions of PSLC study

PSLC is a reverse to the conventional PDLC but identical to the twisted nematic
liquid crystal cell having maximum and minimum transmittance under crossed
polarizer in the OFF and ON states, respectively. However, the threshold voltages of
PSLC are much lower than TNLC [107-109]. The PSLC are useful for bi-stable
reflective displays and normal- and reverse-mode light shutters [68, 110]. In order
to improve electro-optic responses of PSLC devices, LC material are doped with dye
and nanoparticles [111, 112].

6. Polymer-dispersed liquid crystal

Polymer-dispersed liquid crystal is a smart, inhomogeneous thin composite film
of micron-sized nematic LC droplets, randomly dispersed and embedded in
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optically isotropic polymer matrix first introduced by Fergason in 1984 [61, 113, 114].
The composite of these two is technologically very important because it encom-
passes various unique properties of LCs, which are mechanically and structurally
strengthened by polymer matrix. The operation of these composite films is based
on birefringence property of LC. For LC with positive birefringence, An>0, in the
OFF state as the LC droplets are randomly oriented, light repetitively refract/
scatters at multiple polymer-LC interfaces. Due to which most of the light incident
on PDLC device scatters, and the film becomes/appears opaque (Figure 31(a)).
On the contrary, in the ON state as the directors in LC droplets align along the
direction of electric field and if the RI, 7, of polymer matrix, matches with the
ordinary RI, 7, of LC, most of the normally incident light on PDLC device behaves
as an ordinary light and transmits through it, and the film becomes a transparent
one [22, 115] (Figure 31(b)). In a similar manner, for LC with negative birefrin-
gence, Az < 0, in the ON state extraordinary Rl 7, comes into picture [34]. The LC
droplet structure, their interaction with the polymer matrix and their optical and
dielectric anisotropy play crucial role in shaping/modeling system properties.
Although LC droplets are spherical in shape, they get deformed when embedded
inside a polymer matrix. The polymer is supposed to act as a mere matrix for the
LC aggregates, but their physical interactions can influence the formation of
mesophases. The LC droplet morphology depends on many physical parameters
such as refractive indices, conductivity, type and proportion of materials used,
phase separation method, rate of diffusion, viscosity and solubility of the LC in the
polymer, addition of dopant or dye molecules, etc. [116-121]. Unlike other LC
technologies, PDLC do not require alignment layers and polarizers. This reduces
cost; simplifies design; increases device lifetime in high-temperature and high-
humidity conditions; increases transmittance, contrast ratio, flexibility and
mechanical strength; and reduces response time. Also, the large surface-to-
volume ratio of the composite film supports the construction of large area

PDLC devices [19].
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Figure 31.
PDLC in (a) OFF state and (b) ON state.

6.1 Fabrication of PDLC films
For the uniform dispersion of micron-sized nematic LC droplets inside polymer

matrix, principally two methods have been enlisted, namely, phase separation and
encapsulation.
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6.1.1 Phase separation

The phase separation method starts with homogenous, isotropic solution of LC
and polymer or prepolymer, followed by the formation of nucleated LC droplets
(phase separation) and then finally solidification of polymer matrix pioneered by
Doane and co-workers [122]. The morphology of a phase-separated PDLC film
depends on the chemical nature of the LC and polymer constituents and kinetics
of the processes driving the phase separation to occur, which ultimately control
the electro-optic properties of device. Therefore, to obtain desired electro-optic
properties in a device, systematically processed phase separation of LC and poly-
mer is one of the key parameters. This technique is preferred where film
moldability is required because during phase separation, polymer plasticization
takes place. To induce phase separation in PDLC, generally any of the three
routes, namely, polymerization-induced phase separation (PIPS), solution-
induced phase separation (SIPS) and temperature-induced phase separation
(TIPS), has been practised. Each method produces PDLC film with different
properties and characteristics.

a. Polymerization-induced phase separation: It is usually an irreversible process,
in which initially miscible, single-phased mixture of prepolymer (monomer or
oligomer) and LC is filled into a prefabricated cell. On application of suitable
energy in the form of heat, light or radiation, the polymerization is induced.
The growing polymer chains phase separate LC droplets by forming an
enclosing polymer matrix because LC is less soluble in polymer than in
prepolymer. The phase-separated system has lower entropy than the mixed
one. Polymerization may be initiated by heat, photo (UV irradiation) or free
radicals. Generally, photopolymerization is preferred over the other two
because it has low activation energy, has a good control over final properties
of PDLC film and can occur in broader temperature range [120, 123, 124].
Phase separation process continues even if the UV exposure is interrupted
during the cure process. Nowaday’s photopolymerization technique is also
applied in mask patterning.

b. Solution-induced phase separation: In this method, a polymer and LC are
mixed and dissolved in a common organic solvent to form a single-phase
homogeneous mixture. Such solution is then poured (using suitable tech-
nique) on an optically flat, transparent and conducting substrate for solvent
evaporation. Evaporation of solvent causes phase separation between polymer
and LC domains. Droplets start growing as the polymer and LC come out of
solution and grow up till the polymer solidification. Another substrate (gen-
erally ITO) is laminated and annealed on the film using pressure and heat to
form a PDLC cell. The electro-optic properties, which depend on LC droplet
size and morphology, can be tailored by controlling evaporation rate. Droplet
size and shape can be manipulated after the PDLC cell formation, by heating
the sample cell till the clearing temperature of LC and then cooling. During
heating LC get dissolved in polymer and again phase separates on cooling. By
varying cooling rates, LC droplet size can be varied.

c. Temperature-induced phase separation: It is useful for thermoplastics which
melt below their decomposition temperature. Thermoplastic and LC are
heated until the clear solution is formed, such solution is filled into a
prefabricated cell and then cooled. When the system is cooled, the LC phase
separates from the solidifying polymer. Droplet size can be tailored by
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controlling the rate of cooling. Droplet size (droplet numbers) shows

inverse (direct) relation with rate of cooling. Methodically, it is a simple way
of phase separation, but it is less preferred because the properties of TIPS
films are difficult to reproduce, often sensitive to the processing history, and
homogenous mixture of LC and thermoplastic is obtained at relatively higher
temperature than in PIPS and SIPS techniques, which may worsen electro-
optic properties of the PDLC device.

6.1.2 Encapsulation method

In contrast to phase separation method, encapsulation method starts from inho-
mogeneous solution. LC is dispersed by rapid stirring as an emulsion in an aqueous
solution of a film-forming polymer such as PVA. This emulsion is then spin-coated
or deposited onto a transparent conductive substrate like ITO-coated glass plate and
dried. Thousands of non-uniform, sometimes interconnected LC capsules (drop-
lets), surrounded by a solid layer of polymer are produced. Size of these droplets
depends on stirring speed and time. Materials manufactured from this method are
also known as nematic curvilinear aligned phase (NCAP). Encapsulation method is
beneficial as LC is insoluble in aqueous solution; equilibrium phase separation is
easily achieved as well as polymer plasticization is prevented. But it has limitation
also; because of water evaporation, there is significant change in volume of film
which tends to deform droplet structure, and only few polymers are appropriate for
encapsulation with proper optical properties [120, 123, 124].

6.2 Nematic configurations in PDLC films

The nematic material confined in a droplet in a PDLC is in a particular arrange-
ment, called the director configuration. LC droplets are usually spherical because
of surface tension, but due to photopolymerization reaction the texture changes
significantly to adopt different configurations. When LCs are confined to small
cavities, curved surfaces deform the director field, inducing three basic Frank
elastic deformations in the director structure, namely, splay, twist and bend. The
contribution of each deformation to the overall energy density F is given by
[19, 125]

1 — 2 — — 2 — — 2
F=3 {I(H(V.n) +K22(n.V x n) +K33(n XV x n) } 23)

where the proportionality constants Ky;, K»; and K33 are associated with splay,
twist and bend deformations, respectively. It is usually not possible to pack the
nematic director field into curvatures without creating one or more defects. These
defects are responsible for the transformation of LC droplet from one configuration
to another. Different defect structures are classified on the basis of their two-
dimensional structure often known as “strength (s)” of the defect. “s” is defined by
the rotation of the nematic director on a closed path around the defect; s indicates
how many times of 2x the director rotates. Since +7 and -z of the director are
equivalent, half-integer values of s are allowed. The light scattering and dielectric
properties of different droplet configurations can vary considerably, which is an
important factor in the PDLC devices. Accordingly, the configuration of confined
LCs is an area of both scientific and technological interest [19, 126]. The configura-
tion adopted by the nematic director field within a droplet reflects the subtle
interplay of a number of forces, such as shape and size of cavity containing LC
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material, alignment properties of the LC at the polymer surface, elastic constants of
the bulk nematic, temperature and the presence of external fields. Out of these
factors, preferred alignment of the nematic at the surface of the polymer-LC inter-
face determines the droplet configuration. If the anchoring energy is stronger than
the elastic forces inside LC droplets, then the nematic director adopts a uniform tilt
angle either (0° or 90°) at all points on the droplet surface, and the final configura-
tion of nematic director within LC droplet is to minimize the total free energy.
However, if the anchoring energy is weaker than the elastic forces inside LC drop-
lets, then the tilt angle of the nematic varies spatially within the droplet to minimize
curvature in the bulk of the droplet. Strong or weak anchoring conditions depend
on the chemical nature of the polymer interface up to a certain degree. However,
typically anchoring energy is more influential. Anchoring effects are magnified in
small droplets, because of their shorter length scale and increased surface-to-vol-
ume ratio. Along with anchoring energy, balance of elastic constants is an impera-
tive factor in determining the director configuration. Contribution of elastic
constants to the system’s free energy determines whether director configuration
inside the droplet is simple or complex. The shape and size of cavity affects droplet
structure. In submicron-sized droplets, the close proximity of surfaces and defects
can distort the nematic structure throughout the droplet, whereas in large-sized
droplets, it is easy to form multiple defect structures. The director configuration is
isomorphic in a symmetric cavity and unpredictable in irregular-shaped cavity. The
presence of external fields may influence the alignment direction of a nematic
without altering the director configuration. Four commonly found director config-
urations in PDLCs [127-129] are illustrated in Figure 32.

a. Radial configuration (Figure 32(a)): In this configuration, director field is
anchored perpendicular (homeotropic) to the droplet wall. A radial droplet
possesses spherical symmetry, and the only elastic deformation present in this

(d) (e)

Figure 32.
Director configurations in a droplet of PDLC (a) vadial, (b) axial, (c) bipolar, (d) toroidal and (e) three-
dimensional view of the tovoidal configuration.
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structure is a splay deformation with a point defect (s = 1) in the volume
centre known as hedgehog [19, 130]. This is shown in Figure 33. The defects
(also known as disclinations) arise when the elastic energy density of a
nematic grows sufficiently large, and the orientation of the nematic director
becomes indistinct [131]. Radial structure is generally found by dispersing LC
in low-surface energy fluids like polysiloxane or in glycerine containing a
small amount of lecithin.

. Axial configuration (Figure 32(b)): This configuration was found in director
field which are weakly anchored perpendicular (homeotropic) to the droplet
wall, smaller in radii than radial droplets and in those radial droplets which
were exposed to electric or magnetic field [132]. The director field possesses
cylindrical symmetry, with a line defect perpendicular to the preferred
orientation direction at the droplet equator as shown in Figure 32(b).

. Bipolar configuration (Figure 32(c)): In this configuration, director field is
anchored tangential (parallel or homogeneous) to the droplet wall. The
director field possesses cylindrical symmetry, with the symmetry axis defined
by two-point defects called boojums, which lie at opposite ends (poles) of the
droplet. Boojums can exist only at the surface and cannot move into the
volume of the droplet. In a bipolar droplet, both splay and bend deformations
are present, with splay-type boojums located at the surface near the poles of
the droplet, as shown in Figure 33. The bend deformation dominates
throughout the rest of the drop along the lines connecting the two poles.

. Toroidal configuration (Figure 32(d) and (e)): In the case of multiple elastic
constants, the toroidal configuration exists when the splay energy becomes
too large in comparison with the bend energy in the droplet. For a value of
K11/K33 > 0.7, a droplet with the toroidal configuration is a stable structure as
it has a lower free energy than a bipolar structure. The toroidal structure
possesses a line defect running along the droplet diameter, and the nematic
director is everywhere perpendicular to this line arranged in a series of
concentric circles.

¥
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Figure 33.

A schematic illustration of splay and bend elastic deformations dictating the nematic ordering in radial and

bipolar LC droplets.
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6.3 Light scattering properties of PDLC films

Light scattering properties of PDLC films which can be controlled by electric
field is a topic of great interest for scientific and technological reasons. The light
scattering effects are insensitive to the initial polarization of light, and hence PDLC
films can modulate light without the use of alignment layers or polarizers. The light
scattering property of a PDLC film depends on many parameters such as LC droplet
shape and size, droplet configuration, droplet density, refractive indices of LC and
polymer, wavelength, etc. However, the nematic director orientation within the LC
droplet dominates the light scattering properties of the films. Upon application of
electric field, directors can be oriented along the direction of electric field causing
transformation from highly scattering to highly transparent film. For simplicity, to
explain the scattering and/or propagation of light at different voltage levels, we
have developed a single droplet model [116, 133, 134].

In the absence of electric field, the different droplets will have different orienta-
tions. The droplet under investigation (Figure 34(a)) will scatter the light at
polymer-LC interface. When a little voltage, below threshold voltage Vrry (defined
later) (Figure 34(b)) is applied, because of the strong anchoring at interface, the
alignment of LC droplet directors will not change much except the internal portion of
the droplet. The internal portion experiences the electric field effect and aligns LC
directors along the direction of the field. When the field (Figure 34(c)) is further
increased up to the intermediate level, the majority of the LC droplets gets oriented
along the direction of applied electric field, except the LC directors, which are on the
polymer-LC interface, experiencing enough anchoring forces. At adequately high
electric field (Figure 34(d)), i.e. above saturation voltage Voy (defined later), all the
directors get aligned along the direction of electric field. In such situation, light
encounters only ordinary RI of LC, which is very close with the RI of the polymer.
Therefore, a clear transparent film is observed at sufficiently high voltages.

No Voltage Below Vg Intermediate Voltage Above Vaoy

@) (b) (© (@

Figure 34.
Single LC droplet model: (a) V=0, (b) V<Vry, (c) Vrg <V< Vopn, (d) V>Von.

6.4 Electro-optic properties of PDLC films
6.4.1 OFF-state transmittance (scattering) (Torr)

In the absence of field, i.e. OFF state, the directors of LC droplet are randomly
aligned. In this situation, most of the light incident normal to the film surface gets
scattered giving opaque appearance to the film. The reason behind this is the
mismatch of RI (a) between two adjacent droplets, (b) between a LC droplet and
polymer and (c) within a LC droplet [135]. The OFF-state transmittance of a PDLC
film depends on the birefringence of the LC. To minimize the value of OFF-state
transmittance, the difference between LC extraordinary and ordinary refractive
indices An = n, — n, must be as large as possible.
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6.4.2 ON-state transmittance (Ton)

In the ON state, when sufficient voltage is applied across the PDLC which
overcome the anchoring at polymer-LC interface, the LC droplets attain mini-
mum free energy by completely aligning themselves parallel to the field
direction by the action of dielectric torque. In such a situation, light incident
normal to the film surface experiences RI, #n,= #,, and gets transmitted through
the film.

6.4.3 Contrast ratio (CR)

Contrast ratio is the term used to evaluate display properties of PDLC films. It is
the ratio of the ON- to OFF-state transmittance:

B Ton(%)
CR= Torr(%) @)

6.4.4 Transmittance difference (AT)

Another term used to evaluate the efficiency of PDLC films is transmittance
difference (AT); it is difference of ON- and OFF-state transmittance:

AT(%) = Ton — Torr (25)
6.4.5 Switching voltages

One of the most important parameters of PDLC films is the voltage required to
achieve an electro-optic effect. Initially the LC droplets are randomly oriented in
PDLC films. When low electric field is applied, LC droplets starts orienting along
the field; the voltage required to increase the transmittance of PDLC film by addi-
tional 10% of OFF-state transmittance (Topr) is termed as threshold voltage (Viry).
The theoretical model for threshold voltage has been developed by balancing the
elastic forces, surface interaction and applied electric force and is mathematically
derived as [136, 137]:
k(1> —1)|

Ae (26)

V= |—

d [pp +2}
3a |prc

where d is the film thickness; p, and p; ¢ are the resistivities of polymer and LC,
respectively; k is the elastic constant; the aspect ratio ! = a/b, where a and b are the
length of the major and minor axes of LC droplet, respectively; and Ae is the
dielectric anisotropy of the LC. With further increase in voltage, more and more LC
align along the field. When sufficient voltage is applied across the PDLC which
overcome the anchoring at polymer-LC interface, the LC droplet attains minimum
free energy by completely aligning itself parallel to the field direction. At this stage
film becomes fully transparent, and corresponding voltage is termed as saturation
voltage or ON-state voltage (Von).

6.4.6 Response time

Another decisive factor in evaluating the performance of the polymer-LC com-
posite film is its dynamic response to an applied electric field. Quick response of a
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PDLC film is critical in many applications. Response time is the time required by the
LC molecules to align along the electric field upon application of field and to relax to
their initial orientation when the electric field is removed. It generally depends on
the relative strength of the applied field and the elastic reorientation forces. It can
be affected by the degree of phase separation between nematic and polymer phase.
Polymer-LC material properties and film morphology which include droplet size,
shape, multiple scattering processes, etc. have high impact on response time of
composite film [138, 139]. Erdmann observed reduced values of response time for
elongated LC droplets [128]. It is calculated by balancing an elastic torque (I'y),
electric torque (I'e) and viscous torque (I'y). It is the sum of rise time (z,) and decay
time (z4). Rise and decay times are usually defined in terms of an optical response.
Rise time is the time in which transmittance of film reaches from 10 to 90% on
application of electric field. Similarly decay time is the time in which transmittance
reaches from 90 to 10% on removal of electric field [115]. Mathematically

2
li[Angszk(l—zl)] (27)
Ty Y1 a
and
1 xa’
= 28
TR (28)

where y,is the rotational viscosity of LC and other symbols manifest same
meaning defined earlier.
For higher electric fields

71
_ 29
" Aex V2 (29)

An analysis of the above equation indicates that 7, is predominantly a function
of the applied voltage, where 7, typically depends on the configuration of LC
domain and their anchoring energy with polymer wall. A good estimation of rise
and decay times can be attained by understanding the director direction inside LC

droplet.

6.4.7 Hysteresis effect

During the study of electro-optic properties, a well-known hysteresis phenome-
non was observed in PDLC films [138]. The hysteresis is a known problem, which
must be addressed for practical application of the display material. It has been
found that the transmittance values obtained at various voltages during scan down
cycle do not follow the same path as that of the scan up cycle. A measure of
hysteresis is given by the voltage width at half of maximum transmittance (AVs).
The lag of transmittance during scan down cycle may trace on any of the three paths
as shown in Figure 35:

1. Hysteresis: Hysteresis occurs in intermediate voltage range, and the
transmission at a given voltage depends on the previous voltage state. The
situation when a higher transmission at a given voltage is observed during the
scan down cycle as compared to the transmission at the same voltage during
the scan up cycle is termed as hysteresis effect.
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2. Persistence: The phenomenon when the film does not return to its complete
scattering state immediate after removal of field is termed as persistence. The
reason behind persistence is high interconnectivity between LC droplets which
creates defect structure in any of the droplet. Then the other connected
droplets may get trapped in the high field and remain in the same state even
after the removal of field, until the defect escapes from the trap.

3.Memory effect: It is a semi-permanent persistence because film remains
permanently in the transparent state even after removal of field. The reason
for memory effect is weak anchoring force which develops between the
boundaries of polymer network and LC domain upon application of field.

There are some common factors in hysteresis, persistence and memory effect in
PDLC films. Persistence and memory effects are due to predominance of some
specific factor.

The sources which give rise to hysteresis phenomenon have been studied by
various researchers [117, 135, 138, 140, 141]. Hysteresis depends on the rate at
which fields are applied and removed. For quickly (period of microseconds)
varying voltages, hysteresis are more as compared to slowly varying (period of
seconds) voltages in a same film [19]. It has been proposed that the orientation
mechanism of the LC droplet director is a crucial factor responsible for hysteresis.
Upon application and removal of field, there is substantial difference in the director
direction of LC molecules, which are at the polymer-LC interface and which are
inside the LC droplet [138]. The orientation-reorientation of LC directors depends
on the polymer-LC compatibility and induced interfacial polarization, influencing
the distribution of the relaxation time [136]. Hysteresis might be due to the pres-
ence of defect structure within a LC droplet [138, 141]. Depolarization effects might
contribute to hysteresis through the generation of electric fields inside the PDLC
films [142]. It has been suggested that hysteresis might be due to the residual
electric charge (on field removal) which serves as a capacitor during the scan down
cycle [84, 135]. On analysing Figure 35, it is clear that hysteresis effect is not
observed at high fields because at higher voltages of scan down cycle, LC droplets
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Figure 35.
Schematic of hysteresis, persistence and memory effect in a PDLC film.
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remain in the same state of orientation. However, when the applied field is
reduced further, reorientation of LC droplets director begins, giving rise to
hysteresis effect [143].

There is a much scope of improvement in the optical and dielectric properties of
PDLC devices, by reducing operating voltages, quickening switching and relaxation
times, enhancing image contrast, etc. Before photopolymerization, PDLC films are
a homogeneous mixture composed of monomer and LC which transforms into
heterogonous system consisting LC droplets embedded in polymer matrix after
photopolymerization.

Several groups have suggested that to augment the PDLC film properties, we
can alter:

1.Film preparation conditions, such as, reaction temperature, UV irradiation
intensity, curing time and film thickness

2.Properties of monomer unit such as their structure, functionality,
concentration in LC, etc.

3.Physical properties of LC such as optical and dielectric parameters, rotational
viscosity, temporal characteristics, molecular dynamics, etc. [76, 119, 120, 123,
144-149].

To enhance the properties of PDLC films, LC properties are modified suitably by
addition of nanoparticles, dyes, polymers and carbon nanotubes. The inclusion of
new additives can add new functionalities to the obtained devices. To obtain the
desired result from the host LC material, proper selection of size, shape and struc-
ture of guest/additive particle is an imperative factor. In has been proved that due to
the inherent dipole moment, LC materials respond radically when doped and
anchored with elongated species.

The incorporation of small quantity of dye molecules to the LC is one suitable
solution, which has been studied by several researchers.

6.5 Operating principle of DPDLC composite films

DPDLC films are also named as guest-host polymer-dispersed liquid crystal
(GHPDLC) composite films. The LC phase acts as the host and dye molecules doped
in LC act as the guest. Once the geometrically anisotropic dye molecules are added/
dissolved in LC, the long molecular axis of dye molecule tends to align along the LC
director; this is called as guest-host interaction. Dyes used for LC media must have
high dichroic ratio, high-order parameter, high stability and good compatibility and
solubility with LC but not with monomer unit or polymer matrix. It must be a
positive type, i.e. the absorption transition dipole is along the long molecular axis.
When the polarization of the incident light is perpendicular to the long axis of the
dye molecules, the light is weakly absorbed. When the polarization of the incident
light is parallel to the long axis of the dye molecules, the light is strongly absorbed,
as shown in Figure 36. Considering all the above-mentioned points, dichroic azo
dyes, which are N=N substance and absorb light of certain wavelength more along
one direction than the other, have been used.

Similar to the PDLC films, the dispersion of the droplets can also be achieved
using polymerization-induced phase separation method, in which the dye and LC
mixture separate from the polymer binder. These DPDLC films possess controllable
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Figure 36.
A schematic representation of divection dependent absorption of dichroic dye molecule.

scattering as well as controllable absorbance, modulated by the liquid crystal mole-
cule. The large transition moment of the rod-shaped dye molecules is modulated by
the symmetry axis of the LC molecule in the OFF and ON states of electric field
[150-153]. In the field “OFF state”, dye molecules are randomly oriented along with
the LC droplets. The unpolarised incident light is scattered as well as absorbed due
to LC droplets and dissolved dye molecules. Due to the scattering of light, the
optical path length of light increases, and hence enhancement in absorption has
been noticed. In the field “ON state,” LC droplets and dissolved dye molecules get
aligned along the field direction, making the film feebly absorbing; hence, most of
the light is transmitted through the film. Figure 37 shows the schematic of DPDLC
film in the OFF and ON states of applied electric field [61, 125].

LC droplets in all the composite films exhibit predominantly bipolar (LC
droplet with cylindrical symmetry axis defined by two-point defects at opposite
ends)-type morphology with some radial (LC droplet with spherical symmetry
and the only point defect in the volume centre) structures. No preferred orienta-
tion of LC droplets was found, which is responsible for the scattering of light.
Upon addition of dichroic dye molecule, significant morphological changes arise
in LC droplet. The dye, polymer and LC are chosen such that the solubility of dye
is high in LC but very low in polymer. Figure 38 shows POM image of DPDLC
film (O36N), prepared using LC BL036 and prepolymer NOA65 in wt/wt% with
varying disperse Orange 25 dye concentration. As the dye concentration increases
from 0-1%, there is noticeable increase in droplet size from submicron to ~10 p.
The reason is dye molecules dissolved in LC absorb some of the UV radiations
provided for photopolymerization, which reduces rate of polymerization and in
turn influences droplet growth. At lower dye content, faster polymerization rate
produces smaller and denser LC droplets. At higher dye content, slow polymeri-
zation rate preserves polymer in a liquid state for an extended period, thus
allowing the growth and coalescence of small LC droplets to form bigger ones.
There is more number of bipolar droplets in the high dye-doped film
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Figure 37.
Schematic of DPDLC in (a) OFF state and (b) ON state.

Figure 38.
POM images of 036N DPDLC film with dye concentrations (a) 0%, (b) 0.015%, (c) 0.25% and (d) 1%.

(Figure 38(d)) showing relatively higher affinity for the polymer and thus aiding
strong anchoring at the polymer-LC interface than the low dye-doped composite
films. Altogether, the addition of dye increases the viscosity of polymer-LC mix-
ture, especially at low temperatures, which increases droplet size and hence opti-
cal path length [143, 154-158].

The high dye-doped PDLC film emerges with more number of bipolar droplets,
as shown in Figure 38(d). This can be interpreted as high dye-doped LC molecules
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show relatively higher affinity for the polymer than the low dye-doped LC mole-
cules and hence facilitating strong anchoring conditions at the interface of polymer
and LC molecules [155].

Figure 39 shows effect of electric field on the morphology of DPDLC film 036S
prepared using disperse Orange 25 dye, LC BL036 and Prepolymer SAM-114. The
LC and prepolymer are taken here in 45/55 wt/wt%. In the ON state, when the
electric field is low (10-20 V) (Figure 39(b)), there is substantial difference in the
director direction of molecules which are near the polymer-LC interface and which
are inside the LC droplet, and point defects are still at their initial position. On
increasing the voltage (higher than anchoring energy at polymer-LC interface)

(30 V and above) (Figure 39(c) and (d)), small and big LC droplets acquire
maltese-type structure and twisted arrangement with director direction parallel to
field, respectively. The appearance of maltese crosses is due to the interference
(recombination) of the two refracted waves at higher fields [125, 159, 160].

The voltage dependence of transmittance for DPDLC composite film (OO0N),
prepared using dye disperse Orange 25+ LC HPC850100-100 + prepolymer NOA-
65, at a constant frequency of 200 Hz is shown in Figure 40. LC and prepolymer are
taken in 40/60 wt/wt% ratio, respectively, with dye content varying from 0 to 1%.
The parameters such as Togg, Ton, CR, AT, Vy and Vo calculated from graph
(Figure 40) are summarized in Table 4.

From the above graph (Figure 40) and Table 4, it is clear that the DPDLC film
with lowest dye concentration (0.007%) is the optimum one. This film has low
value of Topp and high value of Toy, which results in high CR and high AT.

The value of Vry and Voy is remarkably low, desired for good EO devices.

Figure 39.
Droplet structure of 0.015% 0368 DPDLC film at (a) o V, (b) 20 V, (c) 40 V and (d) 6o V.
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Figure 40.
Transmittance vs. voltage curve of various dye concentrations OooN DPDLC films at 200 Hz frequency and
25°C temperature.

Dye concentration (wt%) Torr (%) Ton (%) AT (%) CR Vru Von
0.0 1.02 91.43 90.41 90 35 40
0.007 0.41 98.98 98.57 241 11 40
0.015 0.51 98.37 97.86 193 1 40
0.0625 7.86 97.96 90.1 12 1.5 29
0.25 15.52 97.96 82.44 6 13 33
1 33.16 97.40 64.24 3 15 29

The significance of bold values are the optimum parameters for the given film.

Table 4.
Voltage-transmittance data of various dye concentrations OooN DPDLC films.

The variation in rise time and decay time of DPDLC composite films (O36S)
prepared using LC BL036+ Prepolymer SAM-114 in 45/55 wt/wt% ratio and doped
with disperse orange dye, at 40 V, is given in Table 5.

Generally, the rise time of all composite films decreases with the increase in
voltage, whereas decay time is independent of voltage. This observed phenomenon
is in good agreement with Egs. (27) and (28). However, sometimes, there is small
increase in decay time with voltage indicating longer transparent state even after
field removal. Also, at higher voltages, rise time is of the order of microseconds
indicating quick switching of the films. Table 5 indicates lower value of rise time for
low dye concentration DPDLC film. The proposed reason is increased dipole

Dye concentration (wt%) Rise time (ms) Decay time (ms)

0 0.4 6.8

0.007 0.2 6.6

0.015 0.3 6.7

1 0.8 8.3
Table 5.

Rise time and decay time of DPDLC film O36S at 40 V.
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moment of LC droplet due to addition of dye molecules, contributing in LC droplet
quick orientation, hence low rise time. With the further increase in dye concentra-
tion, rise time increases because of increase in viscosity of LC+ dye mixture. Alto-
gether, at higher dye concentration, LC molecules expel dye towards polymer
surface creating additional surface anchoring. Upon removal of field, LC droplets of
low dye concentration DPDLC film quickly reorients as compared to the un-doped
film. In high dye concentration DPDLC film, LC droplets took more time to reorient
because of the additional surface anchoring between dye-doped LC droplet and
polymer walls. During application of field, charge gets stored in dye-doped LC
droplet, which serves as capacitor even after removal of external field affecting
relaxation time of LC droplet.

For the analysis of experimental data and qualitative evaluation of distribution
of relaxation time, Cole-Cole plot is drawn for imaginary part €” vs. real part €' of
the dielectric constant. For OO0ON (dye Orange 25+ LC HPC850100—

100 + prepolymer NOA65) DPDLC film, Cole-Cole plot is shown in Figure 41.
Dielectric parameters calculated using Cole-Cole plot are summarized in Table 6.
The zero value of « listed in Table 6 clearly shows that DPDLC films show Debye
type behaviour. The 0.007% DPDLC film has very high value of dielectric strength.
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Figure 41.
Cole-Cole plots of various dye concentrations OooN DPDLC films at 25°C temperature.
Dye concentration (wt%) f (MHz) e oo ¢ 7 (s) a
0.0 15.1 11.66 2.77 8.89 1.05E8 0
0.007 15.1 17.17 2.15 15.02 1.05E°8 0
0.015 17.4 15.36 1.53 13.83 9.15E° 0
0.0625 15.1 14.03 2.34 11.69 1.05E8 0
0.25 15.1 17.91 1.89 16.02 1.05E°8 0
1 132 18.96 1.38 17.58 121E°® 0
Table 6.

Fitting parameters of various dye concentrations OooN DPDLC films.
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In order to improve the performance of PDLC films, similar to DPDLC films,
LC can be doped with nano-particles or carbon nanotubes. One such example is
multiwalled carbon nanotubes (MWCNT)-doped PDLC (CPDLC) film, which is

discussed here.
6.6 Operating principle of CPDLC composite films

Similar to the DPDLC composite films, in CPDLC films, LC phase acts as the
host and MWCNT doped in LC act as the guest entity. MWCNTs are physically and
environmentally stable, mechanically strong, chemically inert and thermally and
electrically conducting material with high aspect ratio. MWCNT is also self-
organizing, like LC material, but strong attractive Van der Waals forces between
adjacent MWCNT lead them to cluster and form unorganized bundles [161]. It is
very difficult to disperse MWCNT in a medium, but small percentage of MWCNT
can be dispersed well in LC fluid. Till date any experimental confirmations regard-
ing the interaction between MWCNT and LC are unavailable, but on analyzing their
structure, -7 interaction (aromatic interaction) between MWCNT walls and phe-
nyl rings of LC molecules is evident. As MWCNT is insoluble in LC, this type of
interaction is quite weak to cause any LC director deformation. The well-dispersed
MWCNT are generally orientated with their cylindrical axis parallel to the director
direction of nematic LC. After the sufficiently stable dispersion of MWCNT in LC,
both host LC and guest MWCNT share their intrinsic properties with each other,
which are listed below:

1. Due to the dipolar nature of LC material, asymmetric charges are induced on
MWCNT producing permanent dipole moment on MWCNT.

2.Nematic LC solvent provides partial orientational order to MWCNT.
3.MWCNT impart their electrical conductivity to the LC molecules.

Because of this sharing of inherent properties with each other, properties of
CPDLC films get affected significantly. Similar to the DPDLC films, in CPDLC films
also the dispersion of the LC droplets has been achieved using PIPS method, but in
CPDLC films even after completion of polymerization process, MWCNT are found
to be well separated entity from LC droplets embedded in polymer matrix. Since
MWCNT do not absorb any light, hence operating principle of CPDLC films is
based only on controllable scattering of light from randomly dispersed LC droplets.
In the absence of field, i.e. “OFF state”, MWCNT and LC droplets are separately
and randomly oriented inside polymer matrix as shown in Figure 42(a). The
unpolarised incident light is scattered because of LC droplets. Upon application of
field, i.e. “ON state”, LC droplets get aligned along the direction of field, and
MWCNT also get partially oriented as shown in Figure 42(b) and may form
conducting channel at higher MWCNT concentration.

Figure 43(a)-(d) shows SEM images of some representative CPDLC films
(COON) prepared using LC HPC850100-100 and prepolymer NOA-65 doped with
MWCNT concentration 0, 0.005, 0.05 and 0.5%. Here, LC and prepolymer are
taken in 60/40 wt/wt% ratio. As MWCNT are insoluble in LC and do not participate
in photopolymerization kinetics, therefore, the size of the LC droplets remains
invariant upon addition of MWCNT. On analysing SEM images of 0% and 0.005%
CPDLC films (Figure 43(a) and (b)), it is clear that the size of cavities is of few
microns. Increase in MWCNT concentration (0.05 and 0.5% CPDLC film) does not
affect the size of LC droplets but because of clustering of MWCNT, few bigger size
cavities are formed as shown in Figure 43(c) and (d).
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Figure 42.
Schematic of CPDLC in (a) OFF state and (b) ON state.
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Figure 43.
Cavities formed after removal of LC from (a) 0%, (b) 0.005%, (c) 0.05% and (d) 0.5%, CooN CPDLC
films.
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The voltage dependence of output transmittance for CPDLC films with
MWCNT content varying from 0 to 0.5% is shown in Figure 44. The parameters
such as Topr, Ton, CR, AT, Vg and Voy calculated from this graph are summarized
in Table 7.

From the above graph (Figure 44) and Table 7, it is clear that the CPDLC film
with lowest MWCNT concentration (0.005%) is optimum one. This film has low
value of Topp and high value of Toy, which results in high CR and high AT. The
value of Vry and Voy is remarkably low, desired for good EO devices.

In order to understand the effect of temperature on other dielectric parameters
such as dielectric strength and relaxation process, Cole-Cole plot can be drawn
between real and imaginary parts of complex dielectric constant. Figure 45 shows
Cole-Cole plots of 0.005% MWCNT-doped C36N CPDLC film (LC BL036 and
prepolymer NOA-65 in 50/50 wt/wt % ratio) at different temperatures. It is clear
from graphs that the value of dielectric strength {difference of relative dielectric
constant at static (at 20 Hz) and optical (at relaxation) frequency f} increases up to
40°C and then starts decreasing because small increase in temperature weakens
intermolecular interaction and hence relaxes orientation-reorientation process of
dipoles, whereas at high temperatures, thermal agitation becomes more predomi-
nant than intermolecular interaction which produces randomization of dipoles.
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Figure 44.
Transmittance vs. voltage curve of various MWCNT concentrations CooN, CPDLC films at 200 Hz frequency
and 25°C temperature.

MWCNT concentration (wt %) Torr (%) Ton (%) AT (%) CR Vru Von

0.0 1.02 91.42 90.4 90 35 40

0.005 0.71 97.02 96.31 137 0.1 30

0.01 3.06 93.46 90.4 31 0.4 24

0.05 7.14 41.83 34.69 6 1.0 32

0.1 10.71 33.36 22.65 3 13 20

0.5 15.3 21.42 6.12 1 7.4 30
Table 7.

Voltage-transmittance data of vavious MWCNT concentrations CooN CPDLC films.
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Figure 45.
Cole-Cole plots of 0.005% MWCNT concentration C36N, CPDLC film at different temperatures.

The value of distribution parameter a (not shown here) calculated for all Cole-Cole
plots drawn for CPDLC films at different temperatures was zero, revealing Debye
type relaxation [162].

6.7 Conclusions of PDLC study

The phenomenal optical and dielectric anisotropy of LC has been exploited in
various display devices/LC technologies, and one such example is polymer-dispersed
liquid crystal films. To improve the optical efficiency of PDLC device, with reduced
operating voltages, faster switching time and high image contrast, properties of LC
have been modified by doping it with some foreign entity. To obtain the desired
result from the host LC material, proper selection of size, shape and structure of guest
is an imperative factor. In all cases it has been proven that LC responds radically
when doped and anchored to elongated species due to their inherent dipole moment.
Therefore, host LC can be doped with dichroic dye guest molecules. Dye molecules
tend to line up with the LC director, and dye absorbance is modulated by the
alignment of nematic director with an external electric field. The controlled absorp-
tion and scattering of light through these materials make them promising candidates
for various potential devices. Also the self-organizing properties of nematic LCs can
be used to align carbon nanotubes (CNT) dispersed in them. CNT not only well
integrate in the matrix but also, even at very low concentration, have a detectable
effect on the LC properties that can be very attractive for display applications.

7. Holographic polymer-dispersed liquid crystal

When monomer concentration is high around 60-70%, nanosized LC droplets
are formed and embedded inside the polymer matrix, this kind of polymer-LC
composite films is named as HPDLC films. In PDLC films LC droplets are randomly
distributed in polymer matrix, whereas in HPDLC films, alternate polymer-rich and
LC-rich regions exist. As the size of the LC droplets is much smaller than the
wavelength of visible light, composite films, free from scattering effect and with
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Figure 46.
Schematic of HPDLC film.

faster response time, have been obtained. Similar to the PDLC composite films, no
surface alignment layer is needed in HPDLC films. Figure 46 shows schematic of
HPDLC film.

7.1 Operating principle

When a mixture of LC, monomer and photoinitiator (Phl) is exposed under the
standing wave, formed from the interference of two or multiple coherent laser
beams, it generates periodic dark and bright fringes. These periodic fringes regulate
polymerization and hence phase separation process. High polymerization rate in the
bright region (diffusion of monomer from dark to bright region) and low polymer-
ization rate in the dark region (diffusion of LC from bright to dark region) create
Bragg grating with alternate polymer-rich and LC-rich regions. Similar to the
PDLC, the polymer and LC material are chosen such that the RI of the polymer
should match with the ordinary RI of LC. Upon application of electric field, HPDLC
film becomes optically transparent/homogenous, and the grating is in its OFF state.
When the electric field is removed, LC molecules return to their original random
state, and grating is in its ON state. This HPDLC grating reflects light of a particular
wavelength and transmits light of all other wavelengths [163]. Morphology and
diffraction properties of grating depends upon writing set-up, materials, diffusion
rate, curing conditions and phase separation process [164, 165]. The particular
wavelength that is reflected is a function of the refractive index difference and the
width of the layers in the grating. When a voltage is applied, the liquid crystals align
with the field, and their new refractive index matches that of the polymer, causing
the grating to become transparent.

7.2 Material used and sample preparation of HPDLC films

HPDLC composite films are also prepared by mixing LC, monomer,
photoinitiator and dopant (if any) in a desired ratio.

7.2.1 LC material
The optical and dielectric anisotropy of nematic LC make them suitable candi-

date for HPDLC films. Similar to the PDLC composite films, the operation of
these composite films is based on birefringence property of LC. Nematic LCs are
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optically uniaxial materials, i.e. they have two direction-dependent refractive indi-
ces, (ordinary RI, #,, and extraordinary RI, n,) with birefringence An = n, — n, and

average RI, 75y = /3 (n2 + 2n2). The value of An may be positive or negative

[34, 37, 38]. The polymer and LC are chosen such that the refractive index of the
polymer (#,) should match with ordinary refractive index (n,) of the LC,
typically 7, >n, ~ n,.

7.2.2 Monomer unit

In HPDLC films two types of monomer can be used:

a. Acrylate-based monomer: A wide range of acrylate-based monomers
with different functionalities are available such as phthalic diglycol
diacrylate (PDDA), 2-ethylhexyl acrylate (EHA), polyurethane acrylate
oligomers (PUA), etc. But these multifunctional acrylates carry some
drawbacks in HPDLC gratings, such as: (i) Because of early gelation and
subsequent vitrification, monomer conversion is low, and polymerization
can continue for prolonged periods, even in the dark; (ii) during exposure
considerable shrinkage was also observed; (iii) larger interfacial area
increases unwanted optical scattering; and (iv) interconnectivity in LC
droplets and variety in LC droplet configuration decreases prompt electrical
switching.

b. Thiol-ene-based monomer: Thiol-ene-based monomers are composed of
multifunctional aliphatic thiols and vinyl monomers comprising ene groups.
These monomers have high conversion efficiency, good stability, less shrink-
age and more elastic; therefore they are preferably used for constructing
HPDLC composite films. Norland optical adhesives are good examples of
these kinds of monomers. Earlier these monomers could only be cured by UV
light, but now new materials were synthesized, which can be cured under
visible light.

7.2.3 Photoinitiator and co-initiators

Along with LC material and monomer, to induce photopolymerization, Phl and
co-initiators are also required. Choice of PhI depends on the wavelength of laser
beam employed for writing. Sometimes chain extenders are also incorporated into
the mixture to optimize grating morphologies.

7.2.4 Sample preparation

Empty sample cell is prepared by two ITO-coated glass substrate (ITO coating
facing each other) separated by suitable spacers. Mixture of LC, monomer,
photoinitiator and dopant (if any) is stirred for homogenization. Mixture is filled
into ITO cell and then exposed under suitable light depending upon the Phl. Gen-
erally, for curing sample cell is placed under the interference pattern formed by

coherent laser beams. Samples are again placed under UV lamp for postcuring if
needed [166].

7.3 Types of HPDLC gratings

Different writing set-ups produce different types of HPDLC gratings, named
as transmission grating and reflection grating. If the writing beams are incident on
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Figure 47.
Types of HPDLC grating: (a) transmission grating and (b) reflection grating.

the same side of sample cell, transmission grating will be formed, with grating
planes perpendicular to the sample cell surface as shown in Figure 47(a). If the
writing beams are incident from both sides of the samples, reflection grating

will be formed, with grating planes parallel to the sample cell surface as shown in
Figure 47(b).

7.4 HPDLC grating parameters
7.4.1 Grating period/grating pitch

The grating period depends on the writing wavelength and intersection beam
angle:

A
A= S sin(6:2) (30)
Here, A is the grating period, 4 is the writing wavelength and 7 is the average
refractive index of the material mixture. A grating with varied period can be
obtained by inserting a refractive cylindrical lens in conventional double interfer-
ence optical path. It varies the angle of incidence of one of the two interference laser
beams [167].

7.4.2 Cook-Klein parameter

This parameter depends on the grating period and thickness of grating:

d
Q=2 —p (31)
Here, ) is the wavelength of incident light, and d is the thickness of the grating.
If the value of Q < 1, then it is a Raman-Nath-type grating. It is thin grating and
multiple diffraction orders can be found.
If the value of Q > 1, then it is Bragg-type grating. It is thick or volume grating,
and only zero order or first order of diffraction can be found. Since the optical losses
are low in Bragg-type-grating, it is preferred for practical applications.
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7.5 HPDLC morphology

Different materials and varying curing conditions produce different types of
polymer-LC morphologies in HPDLC composite films. Mainly, HPDLC morphol-
ogies can be categorized into three types.

7.5.1 LC droplet-like morphology

Generally, this type of morphology has been found in transmission or reflection
grating (Figure 48). These types of gratings are made up of acrylate- or thiol-ene-
based monomers. During PIPS process, because of fast curing process (intense
curing light and small curing time) and high effective functionality of monomer, LC
molecules get diffuse and configure themselves into distinct and elongated LC
droplets. These LC droplets, embedded into the polymer matrix, are distinguished
in SEM image (Figure 48(b)). Here, light scattering is more because the size of the
LC droplets is comparable to the wavelength of the visible light [164, 168].

7.5.2 Polymer scaffolding morphology

In transmission gratings prepared from acrylate-based material systems under
slow curing process, polymer scaffolding morphology can be obtained (Figure 49).
Here instead of small LC droplets, large LC domains or LC layer is obtained. If the
curing process is relatively slow as compared to that in “LC droplet-like morphol-
ogy”, transverse polymer filaments are obtained in polymer-rich region, in between

= LC Droplet
. Polymer

AR ITO-Coated
Glass Plate

(a)

Figure 48.
LC droplet-like morphology: (a) schematic and (b) SEM image of HPDLC film [164, 168].

LC Domain

Polymer Filament
ITO-Coated
Glass Plate

(a) (b)

Figure 49.
Polymer scaffolding morphology: (a) schematic and (b) SEM image of HPDLC film [164, 169].
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ITO-Coated
Glass Plate

(a) (b)

Figure 50.
Sliced polymer morphology: (a) schematic and (b) SEM image of HPDLC film [164, 170].

two LC domains/layers, as shown in SEM image (Figure 49(b)). As LC droplets are
absent, scattering losses are low [164, 169].

7.5.3 Sliced polymer morphology (policryps)

In this type of morphology, transmission gratings are prepared from thiol-ene-
based monomers, under slow curing process and above nematic-isotropic tempera-
ture Ty of LC (Figure 50). In this type of grating, polymer slices are well separated
from aligned nematic slices. From the SEM image (Figure 50(b)), it is clear that as
the concentration of LC is low than the polymer, thickness of the LC slices is also
small as compared to polymer slices. The high phase separation degree produces
smooth polymer layers and aligned LC layers, which in turn minimizes scattering
losses [164, 170].

7.6 Conclusions of HPDLC study

Similar to the PDLC films, HPDLC films are based on the scattering and trans-
mittance effect of light from polymer-LC composite film. High monomer concen-
tration and formation of interference pattern during photopolymerization give rise
to alternate polymer-rich and LC-rich regions. Depending upon writing set-ups,
two types of HPDLC gratings can be formed. Variation in materials and curing
conditions can produce different types of morphology in HPDLC composite films.
Simple configuration, easy fabrication process and their integration with other
optical devices make them suitable for practical applications.

8. Applications

Polymer-LC composite film-based devices are switchable and tunable. The RI of
LC droplets embedded in polymer matrix can be tuned using external fields; there-
fore they can be used for a wide range of display and non-display applications. The
low monomer concentration polymer-LC composite film termed as PSLC films can
be used for bi-stable reflective displays and haze-free normal- and reverse-mode
light shutters with quick response [68, 110].

The PDLC composite films with the intermediate monomer concentration are
distinguished because of their flexibility as well as mechanical strength. The com-
prehensive list of applications of PDLC film includes haze-free light shutter devices;
switchable windows; high-definition Fuoss-Kirkwood spatial light modulators;
flat-panel and large area flexible displays; light valves; color projectors; thermal,
optical and strain sensors; electrically tunable focusing lenses; etc. [171].
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When the monomer concentration is higher than the LC concentration, HPDLC
films get formed. HPDLC films are known to be a promising technology because
they can be used in 3D display, fiber optics, data storage, zoom lenses, image
capture systems, beam vibration sensor, etc. [172].

It can be concluded that the LC’s inherent optical and dielectric anisotropy can
be effectively used in a display as well as non-display devices.

9. Summary

This chapter encompasses a wide range of LC-related subject matter. It begins
with the basics of LC materials, such as definition, history, types, phases and
properties of LCs. Information about properties of LC materials offer deep insight
in choosing LC material for particular application and also benefit in innovating
new applications. Initially applications of LC materials are limited to display world
only; now it is finding scope in a non-display world too. A brief outline about
applications of LC devices has been followed by an extensive study of polymer-LC
composites. The three types of composite films reported in this chapter are as
follows:

1.Low monomer concentration composite: PSLC film

2.Moderate monomer concentration composite: PDLC film

3.High monomer concentration composite: HPDLC film

The detailed study of each of the above composite films is about the following:
1. Fabrication technique using the most suited phase separation process.

2.Morphological analysis, which portrays their size, shape, configuration and
defects in LC droplet/domain structure.

3.Electro-optic study: It comprises definition and formulation of various electro-
optic parameters, such as transmittance difference, contrast ratio, hysteresis,
threshold and saturation voltages and response time, with examples.

4. Dielectric study: Calculation of relaxation frequency, distribution parameter
and breakdown strength using Debye and Cole-Cole plots is incorporated in

this study.

Precisely, this chapter gives a deep and comprehensive knowledge about LC and
some of their applications.
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Chapter 3

Cholesteric Liquid Crystal
Polyesteramides: Non-Viral
Vectors

Mercedes Pérez Méndez and José Fayos Alcariiz

Abstract

Polyesteramides PNOBDME (C34H3sN,0¢),, Poly[oxy(1,2-dodecane)-oxy-
carbonyl-1,4-phenylene-amine-carbonyl-1,4-phenylene-carbonyl-amine-1,4-
phenylene-carbonyl], and PNOBEE (C,cH;,N,0¢) 4, Poly[oxy (1,2-butylene)-
oxy-carbonyl-1,4-phenylene-amine-carbonyl-1,4-phenylene-carbonyl-amine-
1,4-phenylene-carbonyl], have been designed and synthesized as cholesteric liquid
crystals (LCs)—through a condensation reaction between 4- 4’-(terephthaloyl-
diaminedibenzoic chloride) (NOBC) and racemic glycol, DL-1,2-dodecanediol or
DL-1,2-butanediol, respectively—as chemical modifications of multifunctional
cholesteric LC polyesters, involving new properties but holding the precursor
helical macromolecular structures. The new compounds have been characterized
by 'H and BC-NMR, COSY and HSQC, exhibiting two 1H—independent sets of
signals observed for each enantiomer, attributed to two diastereomeric conform-
ers, gg and gz, of the torsion containing the asymmetric carbon atom in the spacer.
They have also been characterized by x-ray diffraction with synchrotron radiation
source. Thermal behaviour of the new compounds is studied by thermogravimetric
(TG) and differential scanning calorimetry (DSC) analysis. The substitution of the
ester groups in the mesogen by amide groups causes an increase of thermal stabil-
ity with respect to the precursors. Optical rotatory dispersion (ORD) is evaluated.
Morphology of powdered PNOBDME exhibits spherical clusters of about 5 pm
in diameter homogeneously dispersed. Molecular models show helical polymeric
chains with stereoregular head-tail, isotactic structure, explained as due to the
higher reactivity of the primary hydroxyl with respect to the secondary one in the
glycol through the polycondensation reaction. Besides being biocompatible, these
synthetic polyesteramides have proved to act as non-viral vectors in gene therapy
and be able to transfect DNA to the nucleus cell. Similar new cationic cholesteric
liquid crystal polyesters have also been synthesized in our laboratory.

Keywords: cholesteric LC polymer, biocompatible polyesteramides, synthesis,
characterization, SAXS/WAXS, molecular simulation

1. Introduction

In 1944, Erwin Schrédinger, one of the founders of quantum mechanics, com-
pleted in Dublin a small book entitled What Is Life? The Physical Aspect of the Living
Cell [1]. He predicted there the concept of “aperiodic crystal”, to define a gene or
perhaps the whole fibre of the chromosome, “that in my opinion, is the material
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carrier of life...,” “able to grow in aggregates bigger and bigger without the clumsy
resource of repetition in three directions” as crystals do [2].

The concept of “aperiodic crystal” was surprisingly premonitory 9 years before
the structure of DNA fibres was determined by x-ray diffraction as a helical struc-
ture by Franklin [3] (“Photograph 51” in Figure 1(a)), Wilkins [5] and Watson and
Crick who reported the double helix with periodic order along the sugar-phosphate
helical backbone, every 34 A, and with the aleatory distribution of the complemen-
tary base pairs [4] (Figure 1(b)). The sequence of base pairs along the structure,
without lateral periodic order, being convenient to endow DNA of their capacity to
store genetic information.

In 1988 Ringsdorf evidenced the parallelism between thermotropic and lyo-
tropic liquid crystals (LCs) in materials science and lipids in life science, with com-
mon amphiphilic nature [6]. Both self-organize their molecules in supramolecular
systems, leading to functional units in highly oriented systems, exhibiting new
properties. The importance of lyotropic LCs for the life sciences has been known
for along time as a prerequisite for the development of life and the ability of cells to
function. In materials sciences, the concept of function through organization led to
the development of new liquid crystalline materials for advanced applications.

Since 1992 the International Union of Crystallography redefined the concept of
crystal as: “Any solid which has a diffraction pattern essentially discrete” (Fourier
space) [7]. Since then, the crystal family was accepted to be composed of periodic
and aperiodic crystals, and liquid crystals belong to the last group.

With increasing temperature, they do not directly go from the crystalline state
into the melt, but, in the middle, they undergo a mesophase state which combines
the order of perfect crystals and mobility of liquids.

All mesophases exhibit long-range orientational order, by keeping the paral-
lel orientation of their longitudinal molecular axes. Two major classes can be

4 PalyC-Poly6
DNA model after Watson and Crick

(a) (b)

Figure 1.
(a) Photograph 51 by [3]; (b) DNA crystal structure according to [4]. Details of double-stranded PolyA-PolyT
and PolyC-PolyG are shown at the vight-hand side.
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differentiated: nematic (with molecular centres distributed isotropically) and smec-
tic (with their molecular centres organized in layers). The special array of nematic
planes stacked in a helical superstructure with a prevalent screw direction is called
the cholesteric mesophase (Figure 2).

DNA behaves as liquid crystal with the special array of the nematic planes,
containing complementary base pairs, stacked in a superstructure with chiral heli-
cal symmetry of the charge distribution [8-10]. Figure 3 shows micrographs of the
cholesteric mesophase of DNA as the columnar hexagonal phase.

1.1 Synthetic cholesteric liquid crystal polymers

Two multifunctional cholesteric liquid crystal polyesters (ChLCP), named
PTOBDME [C34H3604], and PTOBEE [Cy6H,0Og],,, with chemical formulations in
Figure 4, were synthesized in our laboratory—through a condensation reaction
between 4-4'-(terephthaloyl-dioxybenzoylchloride) (TOBC) and racemic glycol,
DL-1,2-dodecanediol or DL-1,2-butanediol, respectively.

Although only racemic materials were used in their synthesis, a cholesteric,
chiral morphology, theoretically unexpected, was found for PTOBDME, m = 9 in
Figure 4. Evidence of this was obtained when a white solid, recrystallized as the
second fraction from toluene mother liquor after the filtration of the polymer, was
identified as -PTOBDME, with [a]*sg9 = —1.43 (1.538 g/100 ml, toluene). A similar
result had been previously attained for liquid crystal PTOBEE, m = 1 in Figure 4.
Its second fraction was isolated as ~-PTOBEE, with a value of [a]*sgo = —2.33
(0.0056 mol/l, toluene). The synthetic method [11, 12], based on the previously
reported by Bilibin [13, 14], leads to the obtaining of two or more fractions with
progressively enriched diastereomeric excess. Its structure and diastereomeric
excess could be characterized by NMR [15].

The structure of these optically active cholesteric LC polymers was character-
ized by NMR, Raman spectroscopy, steady-state fluorescence and SAXS/WAXS
[16, 17], as rigid or semirigid helical LC polymers chains with flexible branches
(chiral groups are located in the backbone), Figure 5, one of the major types of
macromolecules forming the cholesteric mesophase [18].

Both polymers behave as thermotropic and lyotropic. They self-assemble in
nanocavities in solution, with different conformations depending on the solvent

= ITYUIUTUTT

N lll,\ll\|l|l|l ml
| === NIAL R Y
b)

Figure 2.
Types of liquid crystal mesophases: (a) nematic, (b) smectic a and (c) cholesteric, helical pitch.

Figure 3.
Cholesteric mesophase of liquid crystal DNA exhibiting columnar hexagonal phase.

81



Liquid Crystals and Display Technology

SPACER
0 o) \ o
Ry-O J‘—</;>—o—“—<j\/c—c—o—c\ R,
—CH
rd

MESOGEN

SIDE CHAIN

Aromatic-end acid group Aliphatic-end
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Figure 4.

The monomeric unit of cholesteric liquid crystal polyesters PTOBEE (m = 1) and PTOBDME (m = 9). The
three different zones of the monomer ave indicated: mesogen, spacer and flexible side chain. The chiral
Centre is indicated by an asterisk. Torsion ¢ is shown. The aromatic-end acid and aliphatic-end alcoholic
groups are also shown.

‘§7 ‘{7 O
Figures.

Schematic representation of the cholesteric LC polymer type, with a rigid or semirigid helical chain with
flexible branches (chiral groups ave located in the backbone).

and on the concentration [16]. They also get adsorbed on metal surfaces with
reordering of the polymer in the interface [19], with a potential application on the
biomedical and engineering field.

Besides they have proved to be biocompatible against macrophages and fibro-
blasts cellular lines. They are also able to interact with biomacromolecules: lipids
(neutral and cationic), polynucleotides and nucleic acids.

1.2 Interaction with lipids
Figure 6 shows liposomes of L-a-DMPC when interacting with cholesteric
liquid crystal polyester PTOBDME, adopting hexagonal form. The structures of the

lipid membranes complexed with cholesteric LC polymer were analysed by simul-
taneous SAXS/WAXS with synchrotron radiation source with A = 1.5 A on the X33

Figure 6.
TEM images of L-a-DMPC hexagonal liposomes complexed with PTOBDME.
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camera at EMBL (DESY, Hamburg) [20-22]. Tripalmitin was used to calibrate both
linear detectors. All data were normalized for incident intensity and analysed with
Primus (ATSAS) [23, 24].

1.3 Interaction with polynucleotides and nucleic acids: non-viral vectors

The entrance of exogenous genetic material in cells was a key stage in the
development of cellular biology. The term “transfection” indicates the transfer of
DNA—as a healing agent—into the nuclei of cells of higher organisms. The direct
application of this technology in living organisms opened crucial possibilities, like
gene therapy and DNA vaccines [25].

Synthetic molecules that can bind polynucleotide fragments (the therapeutic
agent) are required to develop new non-viral vectors to transfect in cells, without
stimulating an immune response.

Cationic polymers, at physiological pH, are used to condense anionic nucleic acids,
through self-assembly driven by electrostatic interactions, into nano-sized complexes
called “polyplexes” DNA molecules being compressed to a relatively smaller size able
to enter inside the nuclei of cells, facilitating internalization, thus improving transfec-
tion efficacy [26].

SPACER
o He , H
7 N\ i M
R1_O C 180 N 17C 14C 1 C- _0_12C 911(:__0_ RZ
—ZOC 160 15C/ | Illb n
MESOGEN 16 R —
410
H /C\gc/Hf
H C\? . .
Aromatic-end acid group Lt /CH2 Aliphatic-end
R;=H, CH,-CH; 2 \SCHz alcoholic group
H 4c/ R2 = H
2"C_
SCH
h2e—" 2
PNOBDME [C3,H;4N,04] 2 \1CH3
SIDE CHAIN
()
SPACER
O (0] 0
/Nl
R4- O N C-10c—N— R,
| —120/ | n
H X H
MESOGEN "2H
Ry=H, CHyCH, SIDE CHAIN R,=H

PNOBEE [C54H,,N,04]
(b)

Figure 7.

The monomeric unit of polyesteramides: (a) PNOBDME; (b) PNOBEE. The asterisk indicates the chiral
centre (*C*) in PNOBDME and (*C*) in PNOBEE. Torsion angle ¢, along the 'C—="C* bond and ’C—*C*
bond, respectively, is indicated.
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New polyplexes were formulated including cholesteric LC PTOBDME and/or
PTOBEE and new monomeric cationic surfactant molecules synthesized in our lab to
entrap an anionic DNA plasmid. The new polyplexes successfully transfected both
in vitro and in vivo in mice, as non-viral vectors for gene therapy. Their structures
were studied by synchrotron radiation source [22, 27, 28].

New cationic chemical formulations of multifunctional cholesteric LCs PTOBDME
and PTOBEE were designed later to directly interact with negatively charged DNA.
The functional groups selected to be introduced at the end of the main polyester
chains were choline [-CH,—CH,—N*—(CH3;);] and ammonium, defined as [-CH,—
CH,—CH,—N*H-(CHjz),]. Two more new polymers were also formulated with amide
groups (—CONH,) chemically bonded to the end of the lateral hydrophobic chains.

0

2 CooH NH, + CloC cocl —» OHJ—Q— —u—(‘\gc 8c— N ”c ,c c13 OH
ZDC 1SC 015
NoBa | 1

1. SYNTHESIS OF NOBA

0

+ Ho HO
NOBA + SOClL,—y» Cl 190 'BC ch C“‘ C‘SCI NOBC
1GC C15

[osc]

2. SYNTHESIS OF NOBC

3. POLYCONDENSATION
OF PNOBDME

[0} [0} (0] o]

- 1l /—\ 1
HO o+ 19g 1BC 17C 14 ‘SC (0] o — (IJI /=\
N \ 4 N7 4 | 190 18, 17, 14,
H 20¢ H 16015(: OHa O--r- \ IC Cc.. .C. /C—COEt
H,-120= c“ N ad N 1og 15¢

s
'“C ZHe Hy
—sc— —H,
/

H-BC‘—H
H-7C—H
H=5C—H
H-5C—H
H-4C—H
H-3C—H
H-2C—H n
1C —H
H END GROUP

H-

END GROUP MONOMERIC UNIT
PNOBDME| III
Figure 8.

Scheme of the synthetic way to attain PNOBDME.
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The new cationic cholesteric LC polymers so designed were synthesized as fol-
lows: PTOBDME-choline [(C34H36Og)n—C5H13N}; PTOBEE-choline [(CQstoog)n
—CsHy3N]; PTOBDME-ammonium [(C34H3605) ,—CsHy3N]; PTOBEE-ammonium
[(C26H2008)H—C5H13N]; PTOBUME-amide [(C33H3309N)n] 5 and PTOBEE-amide
(Cy6H1909N) , [29].

These cationic polymers proved to be biocompatible, able to form polyplexes
and capable of successfully condensing and transfecting the DNA into the nucleus
cell, protecting DNA from inactivation by blood components. The complexes are
sensitive to pH changes, possessing substantial buffering capacity below physiologi-
cal pH. Their efficiency relies on extensive endosome swelling and rupture that
provides an escape mechanism for the polycation/DNA complexes [30].

Since we are mainly interested in the design and chemical modifications of
multifunctional cholesteric LC polyesters involving new properties but holding the
precursor helical macromolecular structure, new cationic functionalization is held
by introducing amide groups para-substituting the two ester groups in the central
benzene ring of the terephthalate unit, along the main chain [31].

The final formulations of the new monomers, called PNOBDME and PNOBEE,
are shown in Figure 7(a) and (b), respectively. The hydrogen and carbon atoms have
been numbered as precursors PTOBDME [16, 17] and PTOBEE [11, 15], respectively.

The synthetic way is based on our previous experience for the attainment of
cholesteric LC polyesters and the condensation reaction reported by Sek et al. to
obtain polyesteramides [32]. The intermediate acid chloride yield obtained here is
lower than the precursor polyesters obtained. The synthetic way of polyesteramides
PNOBDME [C34H33N206]n and PNOBEE (C26H22N206)n is given in Figures 8and 9.

2 cooH H, + cloc cocl —» OH—“—Q —u—(‘\f’c wg—H “70 o C* oH
ZOC 160 015

NoBA | 1

1. SYNTHESIS OF NOBA

O

+ Ho HO
NOBA + SOCl,—3m Cl \ 1,1(;10(; N oc, sc se—c NOBC
g 8c 7c/

[roc]

3. POLYCONDENSATION

2. SYNTHESIS OF NOBC OF PNOBEE
i L/~ " /N i o] o o]
L 1" 10 9 B = 5¢ — /—\
"o o N \ ’/C C\N'C“ ’/C RN Ha o__| |l g 100 9 8
12 8c-7 o o ctc_ OS¢ C—COEt
H c H &c-7C s 1S N \ 7 O
He-4C-3¢ H 12c H fc-"c
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Heo n
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PNOBEE | III
Figure 9.

Scheme of the synthesis of PNOBEE.
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The structure of the polymers so obtained could be confirmed by 'H, BC, COSY and
HSQC NMR [31]. The NMR shifts were assigned according to our previous nota-
tion. Their thermal stability is studied by thermogravimetric (TG) and differential
scanning calorimetry (DSC) analysis.

2. Experimental
2.1 Materials

2.1.1 Synthesis of PNOBDME {Poly[oxy (1,2-dodecane)-oxy-carbonyl-1,4-
phenylene-amine-carbonyl-1,4-phenylene-carbonyl-amine-1,4-phenylene-
carbonyl]}, (C34H3sN206),,

PNOBDME (III in Figure 8) was obtained through condensation reaction between
4, 4'-(terephthaloyl-diaminedibenzoic chloride) (NOBC) (II in Figure 8) and the
racemic mixture of DL-1,2-dodecanediol. Similar notation to precursor cholesteric
liquid crystal PTOBDME [16, 17] obtained by a similar method has been used.

2.1.1.1 Preparation of NOBA

Solutions of 0.1 mol terephthaloyl chloride in 200 ml carbon tetrachloride and
0.2 mol NaOH in water were added while stirring at room temperature for 15 min
to a solution of 0.22 mol of 4-aminobenzoic acid and 0.2 mol NaOH in 400 ml
water (Milli-Q grade) (4-4'-(terephthaloyl-diaminedibenzoic acid)) (NOBA), (I in
Figure 8). Stirring was continued for 12 hours. Sediment was separated, filtered,
washed several times with 40 ml of cold water, dried, comminuted and transferred
to a vessel where it was mixed for 3 hours with 300 ml of hydrochloric acid. The
product was filtered, washed several times with 40 ml of cold water, dried and
comminuted. Yield is 28 g (70%).

2.1.1.2 Preparation of NOBC

In the course of 25 min, 15 g NOBA was added to 350 ml thionyl chloride, while
stirring rapidly at room temperature (4- 4'-(terephthaloyl-diaminedibenzoic chlo-
ride)) (NOBC) (II in Figure 8). The solution was boiled with the reflux condenser.
When the release of HCI ended and most of the sediment had dissolved, the hot solu-
tion was filtered and cooled down to 0°C for a day. The obtained product was sepa-
rated, filtered, vacuum dried and recrystallized in chloroform. Yield is 7.2 g (48%).

2.1.1.3 Preparation of PNOBDME

A mixture of 0.017 mol NOBC and 0.017 mol DL-1,2-dodecanediol was added
to 44 ml of diphenyl oxide. Purge with dry nitrogen was used for 25 min at room
temperature, and then, while maintaining the gas current, the flask was transferred
to a bath containing a high-temperature heat-transfer agent. The polycondensation
was carried out for 3 hours and 30 min at 200°C. The reaction finished when the
liberation of HCl ended. The result of the polycondensation reaction was poured
into 500 ml of toluene, decanting PNOBDME, which was filtered, washed three
times with ethanol and vacuum dried. The second fraction of PNOBDME precipi-
tated of the filtrated toluene after 22 weeks was also filtered, washed with ethanol
and vacuum dried. Yield first fraction is 2.6 g (25.5%); yield first and second frac-
tionis 3.1g (30.4%).

86



Cholesteric Liquid Crystal Polyestevamides: Non-Viral Vectors
DOI: http://dx.doi.org/10.5772/intechopen.91317

2.1.2 Synthesis of PNOBEE {Poly[oxy (1,2-butylene)-oxy-carbonyl-1,4-phenylene-
amine-carbonyl-1,4-phenylene-carbonyl-amine-1,4-phenylene-carbonyl] }:
(Ca6H22N:06)

PNOBEE (III in Figure 9) was obtained through condensation reaction between
(4- 4'-(terephthaloyl-diaminedibenzoic chloride)) (NOBC) (II in Figure 9) and
the racemic mixture of DL-1,2-butanediol. Notation of cholesteric liquid crystal
precursor PTOBEE has been used.

NOBC was synthesized by the reaction between NOBA, (4—4'-(terephthaloyl-
diaminedibenzoic acid)) (NOBA) (I in Figure 9), and SOCI, and recrystallized in
chloroform; previously NOBA was obtained by interface condensation between
terephthaloyl chloride and 4-aminobenzoic acid.

2.1.2.1 Preparation of PNOBEE

A mixture of 0.015 mol NOBC and 0.015 mol DL-1,2-butanediol was added to
39 ml of chloronaphthalene. Purge with dry nitrogen was used for 25 min at room
temperature, and then, while maintaining the gas current, the flask was transferred
to a bath containing a high-temperature heat-transfer agent. The polycondensation
was carried out for 180 min at 200°C. The reaction finished when the liberation of HCI
ended. The result of the polycondensation reaction was poured into 500 ml of toluene,
decanting PNOBEE, which was filtered, washed with ethanol and vacuum dried. The
second fraction of PNOBEE precipitated of the filtrated toluene after 22 weeks which
was also filtered, washed with ethanol and vacuum dried. Yield is 2.9 g (46.5%).

The structures of NOBA and NOBC were confirmed by 'H-RMN, “C-NMR,
COSY, TOCSY, NOESY and HSQC registered in DMSO-dg at 25°C in a Bruker
300 MHz NMR spectrometer. The structure of PNOBDME was studied by 'H-RMN,
BC-NMR, COSY and HSQC, obtained in VARIAN 400 MHz and 500 MHz spec-
trometers, also at room temperature [31].

2.1.2.2 Starting materials

Terephthaloyl chloride from Sigma-Aldrich Chemie GmBH (Steinheim, Germany);
carbon tetrachloride from Panreac Quimica (Montcada i Rexach, Barcelona, Spain);
NaOH from Panreac Quimica (Montcada i Rexach, Barcelona, Spain); 4-aminobenzoic
acid from Sigma-Aldrich Chemie GmBH (Steinheim, Germany); hydrochloric acid
from Normapur VWR International (Fontenay-sous-Bois, France); thionyl chloride
from Sigma-Aldrich Chemie GmBH (Steinheim, Germany); chloroform from SDS
Votre Partenaire Chimie (Peypin, France); DL-1,2-dodecanediol from Fluka Chemie
GmBH (Buchs, Switzerland); diphenyl oxide from Sigma-Aldrich Chemie GmBH
(Steinheim, Germany); nitrogen from Praxair (Madrid, Spain); toluene from Merck
KGaA (Darmstadt, Germany).

DL-1,2-butanediol from Fluka Chemie GmBH (Buchs, Switzerland); chloro-
naphthalene from Sigma-Aldrich Chemie GmBH (Steinheim, Germany).

The solvent used in NMR for all cases was DMSO-dg from Merck KGaA
(Darmstadt, Germany) and DMSO for optical rotatory dispersion (ORD), from
Scharlau Chemie.

3. Characterization techniques

Thermal stability was studied on a Mettler TA4000-TG50 at a heating rate of
10°C/min with nitrogen purge between 30 and 600°C. Thermal behaviour was
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analyzed by DSC in a Mettler TA4000/DSC30/TC11 calorimeter, with a series of
heating/cooling cycles in a temperature range between 0 and 230°C.

Microcalorimetry was estimated in a MicroCal Inc., model MCS-DSC, within
arange of temperature 4-120°C, at a heating rate of 10-20°C/h, and a volume of
sample 1.5 ml.

Optical rotatory dispersion was measured in a Perkin Elmer 241 MC polar-
imeter, at 25°C in DMSO. Conditions used: Ay, = 589 nm, slit = 5 mm, integration
time = 50 s; Ay = 574 nm, slit = 14 mm, integration time = 50 s; Ayy = 546 nm,
slit = 30 mm, integration time = 50 s; Ay, = 435 nm, slit = 5 mm, integration
time = 50 s; and Ay = 365 nm, slit = 2.5 mm, integration time = 50 s.

Morphology was evaluated in an environmental scanning electron microscope
(ESEM), PHILIPS XL30.

Simultaneous SAXS/WAXS of PNOBDME were performed at 16.1.1
beamline of the synchrotron radiation source (SRS) at Daresbury Laboratory,
Warrington, UK, with a monochromatized beam (A = 1.4 A). Both WAXS and
SAXS detectors were lineal. HDPE was used to calibrate the WAXS data and wet
collagen (rat tail tendon, d = 676.08 A) to calibrate the g-axis of the SAXS detec-
tor (q = 4z sin @1), where the scattering angle is defined by 26. The experimental
data were corrected for background scattering, sample absorption and positional
lack of linearity of the detector, with the help of ATSAS [23, 24]. The samples
dispersed in dichloromethane solution were applied dropwise on the sample
holder and the solvent let to evaporate.

3.1 Thermal behaviour of PNOBDME and PNOBEE

Figure 10(a) shows the thermogravimetric curve of polyesteramide PNOBDME
first fraction. A 5 and 10% weight loss is observed, respectively, at 282 and 310.3°C,
increasing the thermal stability range of precursor polyester PTOBDME, with 10%
weight loss percentage at 280°C [16].

In Figure 10(b), the PNOBEE thermal stability can be observed. A 10% weight
loss is registered at 330°C, due to thermal decomposition, a value higher than those
observed for PTOBEE (280°C) [11] and PNOBDME (310.3°C). The entrance of the
amide group in the mesogen causes an increase of thermal stability with respect to
PTOBEE.

In Figure 11(a), the DSC analysis of PNOBDME first fraction is exhibited and
its Microcalorimetry curve appears in Figure 11(b).

During the first heating run of the DSC of PNOBDME, performed at 10°C/min
rate, Figure 11(a), a glass transition around 62.5°C is observed, together with a

THRRNOORAVRTILOF FHORDME Thermogravimetry of PNOBEE

100
. ‘\\ oo \
80 [-=-ProBDME w0
" \\ 70
]
%0

: S
= . N\
o L. » N

2 - - - - - - - - - - - +
] 150 250 350 450 550 30 B0 130 180 230 280 330 380 430 480 530 580 630
Temperature °C Temperature °C

(a) (b)

% Mass
2

Figure 10.
(a) Thermogravimetric curve of PNOBDME first fraction; (b) thermogravimetric curve of PNOBEE first
fraction.
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Differential scanning calorimetry of PNOBDME first fraction
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Figure 11.

(a) DSC analysis of PNOBDME first fraction; (b) microcalorimetry of PNOBDME.

small broad endothermic peak centred at 156°C. During the cooling, an exother-
mic peak at 183°C is indicative of crystallization from the mesophase, a higher
value than that of PTOBDME (149°C). In the second heating, a glass transition is
observed around 71.6°C and two broad and small endothermic peaks at 108.7 and
188.3°C.

Subsequently, PNOBDME was heated up to 230°C, at 10°C/min, cooled to
190°C and isothermally heated for 2 hours, then cooled to 30°C at 10°C/min and
finally heated again to 230°C, at 10°C/min. Although the isothermal treatment at
190°C, after cooling from 230°C, should have produced an induced crystallization
process (endothermic peak due to the polymer transition to mesophase), only a
small endothermic peak at 109°C is observed not caused by the isothermal cooling.
The endothermic transition from crystal to mesophase was also confirmed at 109°C
by microcalorimetry, Figure 11(b).

The DSC curve of PNOBEE is shown in Figure 12. During the first heating run
(a), ata 10°C/min rate, a glass transition around 55°C is observed. A very broad endo-
thermic peak centred at 185.3°C is interpreted as a fusion associated with a transition
from crystal to liquid crystal. Another endothermic peak at 233.7°C is observed near
the beginning of thermal decomposition. In the cooling run (b), two small exother-
mic peaks observed at 205.6 and 183.0°C are interpreted as crystallization processes
from the mesophase. In the second heating (c), no transition is observed.

Compared to PTOBEE, with a transition to mesophase at 150°C and with
exothermic crystal formation at 110°C during isothermal heating, a remarkable
difference is observed by the substitution of ester groups by amide in the mesogen,
increasing the stability range.

Diferential scanning calorimetry of PNOBEE
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Figure 12.

DSC analysis of PNOBEE first fraction. (a) First heating run of the original sample; (b) subsequent cooling
down; (c) second heating run.
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3.2 Morphology of PNOBDME

The morphology of powdered PNOBDME without any previous treatment has
been studied by SEM. In Figure 13, six details of the powder sample (a to f) are
shown of the homogeneous spherical clusters of about 5 pm in diameter homoge-
neously dispersed.

3.3 Optical activity

Although synthesized from starting racemic materials, PNOBDME showed unex-
pected chirality. The first fraction of the polymer did not show a net optical activity
but values fluctuated from positive to negative, but the second fraction presented a
low but constant value +1.02°, at 598 nm; +1.65°, at 579 nm; and +2.9°, at 435 nm and
avery high optical activity value between +600° and +950°, at 365 nm, depending on
temperature. The same behaviour had been also observed in PTOBDME and PTOBEE.

The variation of the optical rotatory dispersion values («) by the effect of time
of the second fraction of PNOBDME is expressed in Figure 14 as molar optical
rotation [@] = [a] M/100, at 365 nm, at two different temperatures, 35°C and 25°C,
being M the molecular weight of the polymer repeating unit.

At 35°C, the ORD of PNOBDME increases with time to a value approximate of
600°, preserved between 90 and 180 min. After that, it increases again to reach
avalue of 950°, getting stabilized after 360 min. After 120 min at 25°C, the ORD
reaches a value of 600° conserved up to 9 hours.

In both cases, once the ORD value was stabilized to 600° and 950°, if the wave-
length of the lamp changed from 365 to 435 nm and quickly returned to 365 nm,
the ORD value initially decreased to +8.6 but recovered its value. This phenomenon
is being reversible. The variation of ORD with time has been described in helical
polyguanidines synthesized either from chiral monomers or from achiral mono-
mers with chiral catalysts [33-39]. At the end of this article, the optical activity of
PNOBEE has not been studied.

(d) (e)

Figure 13.
SEM images of powdered PNOBDME.

90



Cholesteric Liquid Crystal Polyestevamides: Non-Viral Vectors
DOI: http://dx.doi.org/10.5772/intechopen.91317

ROTATORY OPTICAL DISPERSION

E L] |
=T =25°C

o-1s30c |

y /'-\; R g
77
4

f 4

[a] =s

Time (hrs)

Figure 14.
Optical rotatory dispersion of PNOBDME second fraction at 25C and 35°C.

3.4 Molecular mechanics simulation of PNOBDME.

The structural fragment including a chiral secondary alcohol and a primary
alcohol group (a beta-chiral 1,2-diol) is particularly interesting since it is present in
many relevant natural products, such as sugars, nucleosides, glycerides [40], chiral
nanostructures from helical polymers and metallic salts [41].

In the case of PNOBDME, the fragment in the spacer including the secondary
alcohol group, bonded to chiral >C*, and the primary alcohol, bonded to prochiral
C, is shown in Figure 15 for the R enantiomer of °C*.

Molecular mechanics always predict helical macromolecular structures along
the main chain for PNOBDME and PNOBEE, as formulated in Figure 7. Instead, no
helical polymer models were attained in the computational calculations when the
amide group enters along the lateral side chains.

Molecular mechanics modeling was performed for the PNOBDME monomer
with Materials Studio Windows v. 2019 [42]. COMPASS-II force field was loaded,
including both atomic mass and charge. A model of the monomer is shown in
Figure 16(a), with optimized geometry to a minimum of energy, -95 Kcal/mol.
Monomer polymerization was simulated by defining the ''C atom as the head atom,
within the repeating unit, and the O atom bonded to 3¢, as the tail atom, being
2C* the chiral centre. Homopolymerization was then simulated with head-to-tail
orientation and torsion angle between monomers fixed to 180°. Isotacticity was
finally imposed on the polymer chain. The helical polymer model so obtained along
the main chain is shown in Figure 16 (b). The perpendicular cross-section appears
in Figure 16(c).

Secondary Hpro{S) H“O

|1 1
P O m ,C ) )L /oocpn
R;-00CPh-NH-OCPhCO-NH \[r 12ce)*

(CH2)9CH3\

He
Primary

Figure 15.
Scheme of the spacer of PNOBDME including the two alcohol groups.
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Figure 16.

Molecular simulation of PNOBDME monomer: (a) minimum energy MM model; (b) isotactic
[PNOBDME],o; (¢) cross-sectional view.
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Figure 17.
The relationship between the four helical diastereomers gg and gt of the R and S enantiomers of PNOBDME
and PNOBEE through the **C—"C* bond, and *C=*C* (torsion @), respectively.

3.5 Conformational analysis of PNOBDME and PNOBEE

The tetrahedral carbon atoms 11C in PNOBDME, allocated in  with respect to
the asymmetric carbon atom 12cx (Figure7(a) with m = 9) and 3C in PNOBEE,
allocated in @ with respect to chiral ‘c* (Figure 7(b) with m = 1), along the
polymer backbones, are referred as prochirals, since both could be converted into
a chiral centre by arbitrarily changing only one attached H group to a deuterium
atom (D with higher priority than H). Depending on the configuration, R/S, of
the so created chiral centre, the H atom ideally deuterated, would be labeled as
pro-RIS.

The two hydrogen atoms on the prochiral "'C carbon atom, H, and Hy, in
PNOBDME, can be described as prochiral hydrogens. Prochiral hydrogens can be also
designated as diastereotopic. Their indistinguishable signals by "H-NMR split then
into two signals easil%l differentiated. The same effect is observed for Hy and H,,
bonded to prochiral 9C, and for Hy and H,, bonded to prochiral °C.
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() (d)

Figure 18.

Molecular model details of a PNOBDME dimer. View along *C—"C* bond (perpendicular to the paper), with
(R) and (S) absolute configuration of >C* (in yellow behind *'C) for (a) Rgg-diasteroisomer;

(b) Sgg-diasteroisomer; (c) Rgt-diasteroisomer; (d) Sgt diasteroisomer.

(c) (d)

Figure 19.
Molecular model details of PNOBDME polymers: (a) Polyio_ PNOBDME_Rgg; (b) Polyro_PNOBDME_Sgg;
(c) Poly1o_PNOBDME_Rgt; (d) Polyzo_PNOBDME_Sgt.
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(c) (d)

Figure 20.
Molecular model details of PNOBDME polymers: (a) Poly6o_PNOBDME_Rgg; Poly6o_PNOBDME_Sgg;
(¢c) Polyso_PNOBDME_Rgt; (d) Poly6o_PNOBDME._Sgt.

Equally the two hydrogen atoms on prochiral >C carbon atom, H, and Hy, of
PNOBEE, are considered as prochiral hydrogens.

Two independent sets of signals are experimentally observed by 'H-NMR for
each enantiomer of PNOBDME and PNOBEE [31]. They are related to the two pos-
sible staggered diastereomeric conformers, gg and gt of torsion ¢ along the "'C—""C*
bond in PNOBDME and *C—*C* in PNOBEE, along the polymer backbone. One of
these two systems is designated with an apostrophe (') and the other is designed
without an apostrophe ().

The combination of a helix with two screw senses and the two absolute configu-
rations by the presence of the asymmetric carbon atom provides four diastereo-
meric structures. There are two pairs of enantiomers each with two independent
sets of "H-NMR signals. The four diastereomers of PNOBDME are depicted in
Figure17.

The existence of two independent conformers had also been observed for each
enantiomer of PTOBDME and PTOBEE. It was also related to the presence of
helical structures, the Cotton effect and the sign of the helicity in the case of 1-2
di-O-benzoylated sn-glycerols [33-39].

Details of molecular models for gg and gt conformers of a dimer of PNOBDME
are shown (Figure 18), projected along the ''C—=""C* bond and torsion ¢
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Figure 21.
Simultaneous SAXS (a)/WAXS (b) patterns of PNOBDME.

(perpendicular to the paper) with ?C* (bonded to H.) having R and S absolute
configuration, in yellow, behind C (bonded to H, and Hy).

Helical polyesteramide (PNOBDME) o molecular models obtained with the four
diastereomers, after minimizing the corresponding monomers are described in
Figure19.

Polymer models with 60 monomers of the 4 are exhibited in Figure 20.

3.6 Simultaneous SAXS/WAXS of PNOBDME

Figure 21(a) and (b) shows the simultaneous SAXS/WAXS patterns of
PNOBDME registered during heating from 30-200°C, with a synchrotron radiation
source.

The SAXS spectra show two sharp order reflections at ¢ value of 0.018 A™
(55.5A) and 0.029 A~ (34.48 A).

Four WAXS peaks, at 20 ~ 18.39" (d = 4.38 A); 18.83" (d = 4.28 A); 35.17
(d=231A);and 40.75 (d = 2.01 A) always remaining present in the entire tempera-
ture range, were assigned to the cholesteric mesophase.

Peaks at 20 = 26.39 (d = 3.07 A) and 50.71 (d = 1.73 A) disappearing at about
90°C during the heating range are attributed to crystal 3D phase.

4, Conclusions

The synthetic multifunctional cholesteric liquid crystal polyesteramides
designed as PNOBDME (Cs34H3N,0¢), and PNOBEE (CyH»,N,0¢), are reported as
chemical modifications of multifunctional cholesteric LC polyesters, involving new
properties but holding the precursor helical macromolecular structure.

Molecular mechanics models of the new polymers show helical polymeric rigid
chains. Homopolymerization was simulated with head-to-tail orientation and tor-
sion angle between monomers fixed to 180°. Isotacticity was finally imposed on the
polymer chains, explained in terms of the higher reactivity of the primary hydroxyl
regarding the secondary one in the glycol through the polycondensation reaction.

Two independent sets of signals experimentally observed by "H-NMR for each
enantiomer of PNOBDME and PNOBEE (while the R/S ratio of asymmetric carbon
atoms remained 50:50) are related with two possible staggered diastereomeric
conformers, gg and gt of torsion ¢, containing the asymmetric carbon atom in the
spacer, along the polymer backbone. One of these two systems is designated with an
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apostrophe ('), and the other is designed without an apostrophe (). The combina-
tion of a helix with two screw senses and the two absolute configurations by the
presence of the asymmetric carbon atom provides four diastereomeric structures.

Molecular models of the four diastereomers Rgg, Sgg, Rgt and Sgt are provided as
well as their polymer chains with 10 and 60 monomeric units.

The thermal behaviour of the new synthesized cholesteric liquid crystal polyes-
teramides has been studied by TG and DSC. An endothermic peak assigned to the
first-order transition from crystal to liquid crystal mesophase is observed in both
polymers.

ORD values are provided for polyesteramide PNOBDME. The first fraction of
the polymer did not show a net optical activity but values fluctuating from positive
to negative, but the second fraction presented low positive values +1.02°, at 598 nm;
+1.65°, at 579 nm; and +2.9°, at 435 nm but very high optical activity +600° to
+950°, at 579 nm, when increasing temperature from 25-35°C.

Morphology of powdered PNOBDME by ESEM shows spherical clusters of
about 5 pm in diameter, homogeneously dispersed.

Simultaneous SAXS/WAXS patterns of PNOBDME are registered during heat-
ing from 30 to 200°C, with a synchrotron radiation source.
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Chapter 4

Preparation, Characterization,
and Applications of Carbonaceous
Mesophase: A Review

Guanming Yuan and Zhengwei Cui

Abstract

Carbonaceous mesophase with a nematic liquid crystal structure possesses an easily
graphitizable characteristic and can be used as a promising raw material to prepare
anisotropic carbon and graphite materials with high performance and multifunction.
Therefore, the carbonaceous mesophase occupies a pivotal and irreplaceable position
in many frontier and cutting-edge fields. The controllable preparation and character-
ization of carbonaceous mesophase derived from a model molecule (i.e., naphthalene)
are presented, especially the formation, development, and transformation of anisotro-
pic liquid crystalline mesophase in the synthetic naphthalene pitch during the process
of liquid-phase carbonization (350—-450°C). The increasing applications of naphtha-
lene-based carbonaceous mesophase as an ideal precursor material for fabricating
representative advanced carbon materials with high added value (e.g., mesophase
pitch-derived coke, mesocarbon microbeads, mesophase pitch-based carbon foam,
high-modulus mesophase pitch-based carbon fibers, and high-thermal-conductivity
carbon-based composites, etc.) are reviewed in detail in this chapter.

Keywords: carbonaceous mesophase, liquid crystal, carbon materials, preparation,
characterization, applications

1. Introduction

The research on carbonaceous mesophase can be traced back to the 1960s, when
Books and Taylor found there was liquid-crystalline phase (i.e., mesophase spheres)
in the thermal conversion of carbonaceous feedstocks, which opens a new era in
the research of liquid-phase carbonization and the development of carbon material
industry [1]. Up to now, carbonaceous mesophase has been studied for more than
50 years and has always been the research hotspot and focus in the field of carbon
materials [2-5]. Mesophase pitch has long been recognized as a liquid crystal in
a defined temperature range (e.g., 200-400°C) and exhibits both lyotropic and
thermotropic nature, which is different from ordinary polymers and isotropic pitch
[2]. It is well known that the mesophase pitch with a nematic liquid crystal structure
possesses an easily graphitizable characteristic and can be preferentially aligned
under mechanical force shearing after melting; thereby it is regarded as a basic raw
material for preparing high-performance carbon and graphite materials with con-
trollable structure of forming an ordered graphite, which provides a feasible route to
prepare graphite-like materials [2]. In addition to the high carbon yield and potential
price advantage (owing to the relatively low cost of carbonaceous raw materials) of
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Figure 1.
Main promising applications of carbonaceous mesophase as an excellent precursor for making a wide variety of
industrial and engineering carbon products.

mesophase pitch, it has become a high-quality precursor material for fabricating
high-performance and multifunctional carbon materials as shown in Figure 1, such
as mesophase pitch-based coke, needle coke, high-power graphite electrodes, meso-
carbon microbeads (MCMBs), mesophase pitch-based carbon foam, mesophase
pitch-based carbon fibers with high modulus and thermal conductivity, good binder
and impregnating agent for high-thermal conductivity carbon-based composites,
etc. Therefore, there is no doubt that mesophase pitch occupies a pivotal and irre-
placeable position in various fields, such as defense, military, aerospace, cutting-edge
technology, high-end industrial manufacturing, etc. [2, 3, 5].

2. Preparation of carbonaceous mesophase

The formation of mesophase pitch is a phase inversion process (transformed
from isotropic to anisotropic), which is a result in which the pitch precursor under-
goes thermal decomposition and thermal polycondensation to a certain extent.
Nowadays, either thermal polycondensation of commercial coal-tar pitch and
petroleum pitch (or even their certain soluble fractions) or catalytic polymerization
of some aromatic substances is commonly used to prepare the carbonaceous meso-
phase [5]. It needs to be emphasized that carbonaceous precursors for the prepara-
tion of high-performance mesophase pitch are very crucial. Although commercial
coal-tar pitch or petroleum pitch or heavy oil is very cheap and easy to obtain, these
feedstocks are normally a complex mixture including with some heteroatoms and
inorganic ash (~0.2 wt.%), which makes a spinnable mesophase pitch difficult to
prepare [6-8]. So far, it is still very hard to massively produce cheap mesophase
pitch with high quality, especially for continuously melt spinning high-performance
carbon fibers. In recent 30 years, small model aromatic compounds (such as naph-
thalene, methylnaphthalene, anthracene, etc.) have been widely used to synthesize
spinnable mesophase pitch by catalyzing with superacid, HF-BF;. The obtained
naphthalene-derived mesophase pitch possesses characteristics of high purity,
controllable molecular structure, and ideal physical property [3, 9-11]. However,
the severe corrosion problem and potential operating risk of using HF-BF; asa
catalyst will unfortunately limit its widespread use (and such a mesophase pitch
product named “AR” as shown in Figure 2(a) is now no longer available from, e.g.,
Mitsubishi Gas Chemical Company).
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Figure 2.

Optical photographs of (a) pellet and (b) block-shaped carbonaceous mesophase pitch derived from
naphthalene.
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Figure 3.

Flow diagram of catalytic thermal polymerization of naphthalene molecule to form carbonaceous mesophase
pitch ((LT) a low temperature of ~200°C and (MT) a mid temperature of ~430°C).

In the meantime, a mild catalyst AlCl; has been selectively used to prepare the
mesophase pitch from the simple molecules and achieve the anticipated catalytic
polymerization effect in spite of a trace of residual catalyst (e.g., 300-1000 ppm)
inevitably intermingled in the mesophase pitch [3, 12-14]. Figure 3 shows the flow
diagram of catalytic thermal polymerization of naphthalene molecule to prepare
carbonaceous mesophase pitch as shown in Figure 2(b) by a two-step reaction process
at aliquid-phase carbonization temperature of 350-450°C for a certain period of time.
It could be concluded that some carbonaceous precursors (e.g., naphthalene) have
undergone four stages of liquid-crystalline sphere development and transformation
and finally formed a bulk liquid-crystalline mesophase from an isotropic matrix as
illustrated in Figure 4 under a suitable reaction condition (i.e., reaction temperature
and time) [2, 15, 16]. The general four-stage conversion of liquid crystals during the
whole process is diagramed as follows: (I) generation of optically anisotropic spheres in
isotropic matrix, (II) growth of anisotropic spheres in isotropic matrix, (III) coales-
cence of anisotropic spheres in isotropic matrix, and (IV) deformation and disintegra-
tion of anisotropic coalesced spheres to form bulk liquid-crystalline mesophase.

However, it has been demonstrated that the formation, development, and
transformation of liquid-crystalline anisotropic spheres (i.e., nucleation, growth,
coalescence and deformation and orientation) in an isotropic pitch matrix are
unconcerted and inhomogeneous during the process of liquid-phase carbonization
as shown in Figure 5 [16]. Furthermore, it is not easy to obtain a 100 vol.% aniso-
tropic mesophase pitch (i.e., bulk mesophase) both with a fine flow optical texture
and an acceptable softening point less than 300°C for subsequent fiber spinning.
This mainly depends on the carbonaceous precursors (e.g., molecular unit size, the
flatness of molecules and the chemical reactivity, etc.) and the suitable thermal
reaction conditions adopted [2, 15, 16].
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Figure 4.

Schematic illustration of the formation and development process of bulk liquid-crystalline mesophase under a
suitable reaction condition (scale bar in PLM micvographs is 100 yum).

Figures.

(a) Polarized light microscope (PLM) micrograph of the naphthalene-based synthetic pitch and (b) SEM
image of broken surface of the pitch-derived coke showing an unsynchronized and inhomogeneous conversion of
liquid-crystalline anisotropic spheres.

3. Characterization of carbonaceous mesophase

Mesophase pitch consists of a large variety of polycyclic aromatic hydrocarbons
and maintains the molecular ordering (i.e., optical anisotropy), which is an impor-
tant precursor for high-performance industrial carbon materials. Characterizing
the structures and properties of carbonaceous mesophase plays a significant role in
its quality control, process optimization, and applications [5, 17, 18]. Only through
effective measurement of the molecular weight distribution and quantitative
description of the structural characteristic as well as the multi-scale evaluation of
the thermophysical nature will the understanding, controllable preparation, and
applications of carbonaceous mesophase be updated. The common instruments
used for characterizing carbonaceous mesophase are as follows: Fourier-transform
infrared spectrometer (FTIR), elemental analyzer, nuclear magnetic resonance
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FTIR patterns of (a) naphthalene pitch and (b) its derived mesophase pitch.
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'H-NMR spectra of the soluble fractions from (a) naphthalene pitch and (b) its derived mesophase pitch.
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MS spectra of (a) naphthalene pitch and (b) its derived mesophase pitch.

(NMR), flight mass spectrometer (MS), polarized light microscope, capillary
rheometer, X-ray diffractometer, Raman spectrum, thermogravimetric, differential
scanning calorimetry, etc.

The carbonaceous mesophase pitch prepared by AICl; catalytic thermal polymeriza-
tion of naphthalene has a relatively high aromaticity (the aromatic index is about 0.70)
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Figure 9.
Typical PLM micrographs of the (a, b) as-received, (c) melted, and (d) melt-stirred naphthalene-based AR
mesophase pitch.

and a regular planar molecular structure constructed by a number of naphthenic
structure, as well as a relatively large molecular weight of ~2600 g/mol, consisting of
mesogen units (a ladder-shaped molecular structure) formed by ~20 naphthalene mol-
ecules through thermally induced aromatic growth [3, 10, 11] according to the analyses
of Figures 6-8. The suitable softening point (260-280°C) and appropriate H/C mol
ratio (0.52-0.60), as well as high liquid-crystalline mesophase content (100 vol.%) and
ideal fine flow texture as displayed in Figures 9 and 11, are the significant characteris-
tics of such carbonaceous mesophase. The analysis results of other characterizations are
not shown here (refer to previous work [2, 3, 10, 11, 15, 18]).

4. Texture and properties of carbonaceous mesophase as a liquid crystal

The as-received liquid-crystalline AR mesophase pitch as shown in Figure 9(a, b)
possesses a streamline “fibrous” texture with highly preferred orientation visible via
orthogonal observation by rotating the object stage of the PLM. Following melting and
melt-stirred treatments at 320°C as shown in Figure 9(c, d), respectively, the optical
texture of the melting pitch is nearly maintained, and the conformation and orienta-
tion of the macromolecules in the melt-stirred pitch are disrupted to become partially
disordered or turbulent (severely deformed) depending upon the degree of stirring
[19]. The purpose of this thermo-stirring treatment is to investigate the influence of
liquid-crystalline texture of mesophase pitch precursors on the morphology, micro-
structure, and physical properties of resulting carbon fibers as shown in Figure 10.

It can be found that the as-prepared naphthalene-based mesophase pitch as
being transmitted from the reaction autoclave to a metal plate at a molten status

106



Prepavation, Characterization, and Applications of Carbonaceous Mesophase: A Review
DOI: http://dx.doi.org/10.5772/intechopen.88860

Mesophase I
melt

A AN
{MERHER

\

Sheared Post-shear Turbulent
relaxation

AN
/N>
Carbon
fiber
Radial Radial-folded Random

Figure 10.
Schematic of the microstructure evolution from mesophase pitch precursor to transverse texture-controlled
carbon fibers as degree of melt-stirring increases.

Figure 11.
(a) Optical photograph of a naphthalene-based synthetic pitch with good wire-drawing performance and

(b) PLM micrograph of the drawn pitch fiber.
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Figure 12.
Typical (a) molten flow curve of distance-temperature and (b) viscosity-temperature curve of naphthalene-
based AR mesophase pitch.
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exhibits good wire-drawing performance and ideal viscoelastic property and the
unwittingly drawn wires (i.e., large-diameter pitch fibers) possess an orderly
liquid-crystalline texture as shown in Figure 11, which is closely related to its plastic
flowing behavior and low apparent viscosity upon melting as shown in Figure 12.
This is favorable for pitch melt spinning and other rheology applications [5].

5. Applications of carbonaceous mesophase
5.1 Carbonaceous mesophase-derived coke

It is well known that pitch-derived coke is mainly used to make carbon and
graphite electrodes equipped within electric arc furnaces for steelmaking, and
mesophase pitch-derived coke (or needle coke) has an overwhelming advantage to
produce graphite electrodes with high and ultrahigh power [5, 20].

It can be clearly seen that mesophase pitch-derived coke exhibits a well-oriented
texture as shown in Figure 13(a, b), which is closely related to the formation and
development of flow-type liquid crystalline in carbonaceous mesophase products
during the process of delayed coking [5]. In contrast, coarse-grained mosaic
texture is presented in the coke derived from commercial coal-tar pitch as shown in
Figure 13(c, d) [16, 20]. Thus it can be concluded that the carbonaceous feedstocks
have a significant influence on the optical texture and microstructure of resulting
coke, which depends on the development and evolution of carbonaceous mesophase
during the liquid-phase carbonization process.

Figure 13.
(a, ¢) Optical photographs and (b, d) PLM micrographs of mesophase pitch-derived coke (a, b) and coal-tar
pitch-derived coke (c, d).
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5.2 Carbonaceous mesophase-based mesocarbon microbeads

As a special type of carbon material, MCMB has some outstanding physical and
chemical properties that other carbon materials do not have due to its unique spheri-
cal morphology and lamellar structure. Therefore, MCMB can be widely applied to
various fields, such as high-performance liquid chromatography column materials,
high-specific surface area activated carbon materials, high-efficiency lithium ion
battery anodes, high-density and high-strength graphite materials, etc. [5, 21].

Under suitable thermal reaction conditions, homogeneous liquid-crystalline
spheres with an identical diameter of ~10 pm which appeared in the optically
isotropic pitch matrix can be achieved as shown in Figure 14(a), which is closely
related to the effective control of the polymerization degree of naphthalene mol-
ecules. Through subsequent separation, infusibilization, and carbonization treat-
ments, uniform-sized MCMBs as shown in Figure 14(b) can be easily obtained by
starting with a simple naphthalene molecule.

5.3 Carbonaceous mesophase-based porous carbon and carbon foam

Recently, many researchers have used mesophase pitch as a raw material to
prepare porous carbon materials (e.g., ultrahigh surface area activated carbon,
mesoporous carbon, and hierarchical porous carbon) with controlled microstruc-
ture and morphology [22, 23]. The large specific surface area, rich pore structure
and excellent adsorption performance of porous carbon materials provide excellent
supporting characteristics for various transition metal and precious metal catalysts.
Porous carbon support can resist the severe corrosion in harsh environments such as
acid, alkali and salts, and greatly improve the adsorption performance and catalytic
efficiency, and thus has broad applications [24].

Mesophase pitch-based carbon foam is a new type of porous carbon material
prepared by foaming mesophase pitch as shown in Figure 15. Owing to its low den-
sity, high thermal and electrical conductivity, fire resistance, microwave absorp-
tion, noise reduction, low thermal expansion coefficient, chemical resistance,
etc., carbon foam is extremely suitable for heat transfer systems, such as aerospace
vehicles and satellites, rocket launching platforms, large heat exchangers, and
computers in chemical plants [25-27]; therefore, such carbon foam sees promising
application prospects.

Figure 14.
(a) PLM micrograph of anisotropic liquid-crystalline carbonaceous spheres generated from naphthalene-based
synthetic pitch and (b) SEM image of homogeneous MCMBs derived from the spherical liquid crystals.
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100 p m

Figure 15.
(a) Optical photograph and (b) PLM micrograph of carbon foam derived from naphthalene-based mesophase
pitch.

5.4 Carbonaceous mesophase-based carbon fibers

Mesophase pitch-based carbon fibers firstly reported by Singer in 1978 are the
most successful high-end product for the development and application of carbona-
ceous mesophase, which are derived from spinnable mesophase pitch by melt spin-
ning, oxidative stabilization, and carbonization and graphitization treatments [28].
The inherent alignment structure of liquid crystal molecules is preserved within the
as-spun pitch fibers. Upon high-temperature graphitization, the graphite crystals
are preferentially oriented along the fiber axis, so the final fibers have super high
Young’s modulus (up to a theoretical value of graphite, 1000 GPa) and excellent
axial electrical (aslow as 1.0 pQ m in electrical resistivity) and thermal conductiv-
ity (exceeding 1000 W/m K). Thus they are now being widely used in aviation,
aerospace, nuclear, and other high-tech fields, in which polyacrylonitrile-based
carbon fibers have a certain limitation [3, 5, 29-33]. At present, only the United
States (Cytec Industries Incorporated) and Japan (Mitsubishi Chemical Corporation
and Nippon Graphite Fiber Corporation) have mature manufacturing technology
ranging from the precursor materials to the final products (i.e., mesophase pitch,
high-performance carbon fiber continuous filaments, and carbon fiber compos-
ites). The morphology of commercial carbon fibers usually includes three types of
forms, i.e., continuous filament, chopped fiber, and ground fiber powder.

The round-shaped carbon fibers with different diameters and large-sized
ribbon-shaped carbon fibers (sectional width ~2 mm, thickness ~10 pm) as shown in
Figure 16 can been successfully prepared from the AR mesophase pitch owing to its
good spinnability. It is worthy to point out that most large-diameter carbon fibers with
aradial transverse texture are inclined to spit in the subsequent high-temperature heat
treatment. The ribbon-shaped carbon fibers can efficiently solve the crack problem
and maintain their shape and structure without any damage. The carbon crystalline
structure and layered orientation parallel to the ribbon main surface are obviously bet-
ter than those of round fibers. The axial electrical resistivity and thermal conductivity
of the round and ribbon fibers graphitized at 3000°C are measured to be aslow as
1.1-1.30 pQ m and about 900-1000 W/m K at room temperature [19, 34-36].

5.5 Carbonaceous mesophase-based carbon composites
Mesophase pitch-based carbon (graphite) fibers are often used as ideal functional
fillers for preparing various carbon-based composites with high thermal conductivity

[5, 37-41], which can be widely utilized in the field of thermal management [32, 33].
The thermal conductivity of these carbon-based composites depends not only on the
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Figure 16.
(a, ¢) Optical photographs and (b, d) SEM micrographs of round- (a, b) and ribbon-shaped carbon fibers
(¢, d) devived from naphthalene-based AR mesophase pitch.

conduction performance of carbon fibers themselves and their loading amount, as well
as laying or weaving architecture in the composites, but also on the physical properties
of matrix materials involved (i.e., the resin, mesophase pitch, or pyrolytic carbon).

In the previous work, the mesophase pitch-based graphite fiber (long filament)
reinforced one-dimensional (as shown in Figure 17(a)-(c)) and two-dimensional
ABS resin composites with a large size of 10 cm x 10 cm x 0.3-2 cm can reach a high
thermal conductivity of ~500 W/m K [37, 38]. However, the thermal conductivity
of composites reinforced by shortcut carbon fibers and milled fiber powders as
shown in Figure 17(d, e) is only 10-20 W/m K, which can be used as heat paste
or thermal grease for interfacial heat dissipation. Using various mesophase pitch-
based graphite fibers (i.e., round-shaped and ribbon-shaped fibers) as a reinforcing
filler and the same mesophase pitch as a binder, ultrahigh thermal conductivity
(700-900 W/m K) of the one-dimensional C/C composites as shown in Figures 18
and 19 could be realized [39, 40]. However, it is disadvantage to use phenolic resin
as a binder to prepare high-thermal-conductivity materials owing to its non-graph-
itizable nature (i.e., a typical hard carbon) as shown in Figure 20. By comparison,
the mesophase pitch-derived carbon after high-temperature treatment exhibits
good crystallinity, high graphitization degree, and orderly stacked graphene sheets
as shown in Figure 18(d), which is very important to improve the directional
thermal conductivity performance. It is worth noting that the pyrolytic carbon with
a highly oriented texture deposited on the mesophase pitch-based graphite fibers as
shown in Figure 21 is also found to markedly increase the thermal conductivity of
C/C composites [41].

It is interesting to note that mesophase pitch is a promising binder (due to
its good flow orientation performance in the molten state, easily graphitizable
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Figure 17.

(a) Optical photograph, (b-d) PLM micrographs, and (¢) SEM image of ABS resin composites reinforced
by unidirvectional (b, c) and disordered (d, e) mesophase pitch-based carbon fibers ((b, c) are, respectively,
imaged perpendicular and pavallel to the fiber axis).
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—

Figure 18.

(a) Optical photograph, (b) PLM micvograph, and (c)—(e) SEM images of unidirectional carbon/carbon
composites reinforced by mesophase pitch-based carbon fibers using mesophase pitch as a binder ((b)—(d) are
imaged perpendicular to the fiber axis, and (e) is imaged parallel to the fiber axis).
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Figure 19.
(a) Optical photograph, (b, c) PLM orthogonal micrographs, and (d) SEM image of unidirvectional carbon/
carbon composites veinforced by mesophase pitch-based ribbon fibers using mesophase pitch as a binder.

Figure 20.
(a) PLM micrograph and (b) SEM image of unidivectional carbon/carbon composites reinforced by mesophase
pitch-based carbon fibers using phenolic vesin as a binder.

characteristic, etc.) for large-scale fabricating natural flake graphite-molded
blocks by using the cheap and available natural graphite flakes as a raw material.
The prepared graphite blocks with a high bulk density of 1.9 g/cm® possess a highly
preferred structural orientation perpendicular to the hot-pressing direction as
shown in Figure 22 and a high thermal conductivity of 500-600 W/m K in plane
two-dimensional direction [42, 43].
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Figure 21.
(a) Optical photograph, (b) PLM micrograph, and (c) SEM image of unidirectional carbon/carbon
composites reinforced by mesophase pitch-based carbon fibers using pyrolytic carbon as a “binder”

Figure 22.
(a) Optical photograph, (b) PLM micrograph, and (c) SEM image of natural flake graphite-molded blocks
perpendicular to the hot-pressing direction using mesophase pitch as a binder.

5.6 Other applications

It is well known that carbon materials are important materials for the preparation
of various batteries. From ancient dry batteries to today’s high-efficiency fuel cells,
as well as new high-energy storage batteries being developed, pitch-based carbon
materials are playing an increasingly important role. Mesophase pitch is an easily
graphitizable carbonaceous precursor. After high-temperature heat treatment,
its three-dimensional stack structure is very regular, and mesophase pitch can be
transformed into a high-crystalline graphite. The necessary energy of intercalating
lithium ions into the carbon layers is relatively low, and thus such material has a large
lithium insertion depth and reversible capacity [44, 45], especially carbonaceous
mesophase-derived coke after spheroidizing and coating treatments as shown in
Figure 23(a) which can significantly improve the cycle stability and service life of
the battery.

By the same token, using the easily graphitized mesophase pitch-derived carbon
as a raw material, a large-sized graphene (or a few layers of graphene sheets) with
uniform thickness and good transparency as shown in Figure 23(b) can be suc-
cessfully prepared through a special technique (i.e., molten salt ion intercalation
stripping), which can realize the size and thickness control of carbon layers. The
preparation method seems to be very simple and easy to operate and thus will have a
good prospect.

In addition to being used as a high-quality raw material for the above-mentioned
carbon materials, carbonaceous mesophase can also be used to prepare some novel
and value-added carbon materials such as miracle graphene [46], carbon quantum
dots [47], good binder for high-performance magnesia carbon bricks [48], fluori-
nated pitch [49], etc.
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Figure 23.
Typical (a) SEM image of carbonaceous mesophase-derived spherical coke used as Li-ion battery anodes and
(b) TEM image of carbonaceous mesophase-derived graphene with a relatively large size.

6. Conclusions

In this chapter, the preparation, characterization, and applications of naphtha-
lene-based carbonaceous mesophase are reviewed. With the continuous advance-
ment of preparation techniques and characterization methods, the understanding
of the molecular structure, molecular weight, molecular weight distribution,
aggregation texture, and rheology property of mesophase liquid crystals will be
deepened, and finally the comprehensive understanding of the carbonaceous
mesophase (including the formation mechanism, molecular dynamic law and high-
efficiency control) from molecular and micro and macro scales could be realized,
which will maximize the performance of carbonaceous mesophase-derived carbon
products with desirable performance, multi-versatility, and high added value, thus
to promote the theoretical foundation of carbonaceous mesophase and accelerate its
broad applications in various fields.
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AMOLED Displays with In-Pixel
Photodetector
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Abstract

The focus of this chapter is to consider additional functionalities beyond
the regular display function of an active matrix organic light-emitting diode
(AMOLED) display. We will discuss how to improve the resolution of the array
with OLED lithography pushing to AR/VR standards. Also, the chapter will give an
insight into pixel design and layout with a strong focus on high resolution, enabling
open areas in pixels for additional functionalities. An example of such additional
functionalities would be to include a photodetector in pixel, requiring the need to
include in-panel TFT readout at the peripherals of the full-display sensor array for
applications such as finger and palmprint sensing.

Keywords: AR, VR, OLED, readout, TFT, high resolution, extra functionalities,
fingerprint, additional, functionalities, lithography, in-panel, high resolution,
photodetector

1. Introduction

Active matrix OLED (AMOLED) displays are today’s mainstream consumer
displays available in various form factors, such as smart watches, mobile displays,
and large area television. They are highly appealing because of their wide view-
ing angles, nice color saturation and great potential for curved, flexible and/or
rollable format. There are several options for (flexible) backplane technologies
based on thin-film transistors (TFTs), namely, metal-oxide TFTs (such as indium
gallium zinc oxide or IGZO), low-temperature polycrystalline silicon (LTPS) TFTs,
or a combination of IGZO and LTPS, more precisely LTPO or low-temperature
polycrystalline silicon and metal oxide. All these technologies have their pros and
cons. Among others, IGZO semiconductors are n-type only which is sufficient for
a backplane driving an OLED but is less adequate for peripheral circuits. Another
key important asset of IGZO is the ultralow source-drain leakage current due to the
large bandgap of the semiconductor, enabling long retention times of data storing,
i.e., pixels are not leaking. In contrary, LTPS has both n- and p-type devices and
thus the capability of CMOS circuits. LTPS transistors can drive larger currents
due to the intrinsically higher mobility, enabling complex in-pixel compensation
schemes and peripheral circuits. However, with LTPS transistors the leakage will be
larger. This is a key reason why LTPO has been developed: this technology combines
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the ultralow leakage current of IGZO and a p-type LTPS transistor resulting in
a hybrid complementary technology. An OLED is an organic LED emitting light
directly proportional to its forward current. Therefore it requires a current source as
driver in the pixel. In many cases, this is achieved by placing a TFT in series with the
OLED and driving it in saturation.

In this chapter, we will investigate the potential to embed additional functionalities
in the display. Therefore, several strategies will be discussed focusing on improving
the resolution of the current displays, by technology optimization introducing photoli-
thography patterning of the OLED and by design evaluating external compensation vs.
internal compensation. The extra space in the pixel, due to the combination of photo-
lithography and simple pixel circuit, provides opportunities to include extra functions
at the same original area. The focus in this book chapter is to add a photosensitive
detector for fingerprint and palmprint readout.

2. Display resolution roadmap for various applications

Resolution (number of pixels) and pixel pitch (size and spacing of pixels) are
two main parameters defining the architecture of the display arrays. The first,
expressed typically in megapixels, is standardized by the content type, resulting in
different generations of TVs: VGA, full HD, 4K, and, most recently, 8K. The latter,
expressed typically in pixels per inch (ppi) or pixels per degree (ppd), is used as a
benchmark for smartphones, with high-end models featuring densities in the range
of 600 ppi. This is a value that gives a good enough image quality for hand-held
devices, with the viewing distance of approximately 30 cm (1 foot). At the same
time, future near-to-eye augmented reality/virtual reality (AR/VR) displays impose
ultrahigh definition, as the pixel density needs to be beyond the pattern resolving
capabilities of the human retina (30 cycles per degree) [1, 2]. The resolution should
be maximized to provide the highest possible output within the eye box in any
given point of the 180° field of view (FOV), also to enable foveated rendering.

AMOLED INTEGRATION mec

colors by different EMLs
FMM: ~800 ppi

IJP: ~300 ppi

litho: »3000 ppi

colors by color filters
ppi limited only by CMQOS
CF: < | pm pixels

L7 wWoLED RGBOLED 77

AR PHONE,
TV YR

a4

Figure 1.

Color-by-white vs. RGB OLED frontplane can be fabricated on top of CMOS or TFT backplane. Each

BACKPLANE -«fsssmmm FRONTPLANE

<0.1 pm feature size
rigid/opaque chip
200/300 mm Si wafer

1.5 pm feature size
flexible/transparent
> G6 motherglass

combination is suitable for different applications.
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An aperture ratio close to unity will eliminate the screen door effect and ensure
natural experience. Transparency is necessary to avoid sense of isolation from the
real-world view and to diversify from the virtual reality (VR) headsets (Figure 1).
To realize all of the above, we need both the microdisplay-like pixel pitch down-
scaling [3] and the flat-panel-display-like (FPD) backplane size up-scaling [4, 5].
Switching to advanced nodes in flat panel backplane manufacturing can result in
ultrahigh-definition, direct-view AR displays fabricated in a cost-effective way.

3. Lithographic patterning of OLEDs to increase resolution

In order to realize an ultrahigh resolution display, all elements of the system
(backplane, frontplane, and driving) need to provide appropriate pixel density. On
the frontplane side, several options for the light source can be chosen (Figure 2).
OLED technology currently dominates the smartphone display industry not
only with performance but also with the cost structure. In this case, the colors
are defined by depositing separate device stacks for each color, which is typically
referred to as side-by-side, red-green-blue (RGB) array. In OLED T'Vs, one common
white OLED stack is combined with a color filter array (CFA). The limitation of
the side-by-side RGB array is the pixel density, limited by the fine metal masking
(FMM) technology, which uses deposition through a metal mesh. The white OLED
array can achieve very small pixel pitch, which is only limited by the backplane and
CFA resolution but imposes brightness loss due to CF transmission. Patterning mul-
ticolor OLEDs by photolithography can address the needs of ultralow pixel pitch for
the future AR displays by realizing side-by-side OLED stacks with extreme density.

Patterning OLEDs by photolithography is an emerging, disruptive fabrication
technique. The main challenge is the extreme chemical sensitivity of OLED materials
with solvent, moisture, air, and temperature exposure responsible for performance
degradation. The choice of appropriate photolithography chemistry is crucial, with
fluorinated [6] or non-fluorinated systems [7] as the dominant options. Figure 3
shows the concept of using a negative-type photoresist to define patterns on top of
OLED in a subtractive approach. First, the OLED stack is deposited as a plain layer
over the entire substrate, on top of a pixel definition layer (PDL). This defines the
active area of the light emitter. Second, photoresist is deposited on top of the entire
substrate. Then, it is exposed through a lithography mask and developed to obtain
the required pattern. Afterwards, the OLED layers that are not covered by the
photoresist are etched away (typically with dry etching, such as reactive ion etch).

In the end, the photoresist is stripped to achieve patterned OLED islands.

industrial technology
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Figure 2.
Various display configuration options.
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2. photoresist deposition everywhere

3. photoresist exposure and development

5. photoresist strip

Figure 3.
Process flow for photolithography patterning of OLED stacks.

Photolithography allows pattern transfer beyond 1 pm resolution, enabling
high-density lines and spaces. Transfer of small islands means that, with appropri-
ate alignment (e.g., with an i-line stepper), a pixel density of a few thousand pixels
per inch (ppi) can be realized. Transfer of openings means that pixel spacing can
be minimized, resulting in a high aspect ratio. This is applicable for both TFT-based
flat panel displays and CMOS-based microdisplays. Tests on patterning the OLED
emission layer have shown that it is possible to achieve 1 pm pitch lines and spaces
(Figure 4). Furthermore, the photoluminescence signal of the EML is maintained
proving compatibility of this process with OLED material. 1 pm presented here is
not a fundamental limit of the approach but rather a limit of the lithography mask
design used in the experiment.

The achievable pixel density of the frontplane is limited not only by the
photoresist used but also by the critical dimension (CD) and alignment/over-
lay accuracy of the litho tools used. In the i-line steppers typical for flat panel
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optical

PL

line pattern in EML trench patternin EML

Figure 4.
OLED patterns of 1, 2, 3 and 4 um: optical and corresponding photoluminescence pictures of red EML
patterned as lines (left) and spaces (right).

manufacturing, the achievable CD is 1.5 pm with an overlay between 0.25 and
0.5 pm. In contrast, CMOS fabs used for microdisplay manufacturing feature
more advanced semiconductor nodes, with 248 nm KrF or 193 nm ArF light
sources. Assuming a minimum PDL opening (defining the active area) of

500 nm, a 1.5 pm node imposes a density limit of 3500 ppi (for RGB) with an
aperture ratio below 5%. Going to KrF steppers, the achievable density increases
to 10,000 ppi while keeping the aperture ratio above 35%. This demonstrates the
need of a tooling upgrade for future AR displays, both for the frontplane and the
backplane. Denser and more efficient packing of pixels requires scaling down of
the technology node, especially in FPD manufacturing.

OLED patterning by photolithography means that the deposition of the stack is
interrupted (vacuum break) and the photoresist interacts with the organic materials.
In the most simple case, the photolithography process is performed in a clean room
in ambient atmosphere. The devices are loaded back into the glove box after the etch
step for each color and after the photoresist strip when all colors are finished. This
raises a serious challenge for the device lifetime. If the process is not optimized for
compatibility with the stack, the current-voltage-luminance (IVL) curve shifts to the
right (increased turn-on voltage) and to the bottom (reduced luminance). As a con-
sequence, the brightness of the patterned OLED drops very fast and disappears even
after a few minutes (Figure 5). Optimization of the photoresist system, of the OLED
stack [8] and of the fabrication process, is needed to achieve OLED performance
enabling implementation into devices. At imec, we demonstrated phosphorescent
green OLED with T90 lifetime of >150 h at the starting brightness of 1000 nit.
Efficiency remained above 85 cd/A before and after patterning. Current performance
is considered an important step on the path to industrial technology readiness level,
estimated to be T97 of at least 1000 h (for the green stack) [8].
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Figure 5.

IVL and lifetime curves for reference OLED and the possible effects of degradation by patterning.
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Figure 6 shows an example comparison of unpatterned and patterned OLED
lifetime curve at initial brightness of 1000 nit. The performance improvement can
bring the two curves closer together.

OLED photolithography was used to fabricate passive displays with a 1400 x
1400 pixel array (almost 2 megapixels). 6 pm metal lines and 10 pm line pitch
with SiN pixel definition layer (PDL) were used on glass substrate. Green and red
OLED stacks were deposited by thermal evaporation in ultrahigh vacuum. After
deposition of the first color (until above emission layer), photoresist was spin-
coated, baked, exposed, and developed. Then, the OLED stack not covered by the
photoresist was removed by dry etching. After that, the sample went back to the
ultrahigh vacuum chamber for second color deposition, and the patterning process
was repeated, this time finishing with stripping the photoresist. A semitranspar-
ent top contact stack was subsequently deposited, and the display was encapsu-
lated with cavity glass. Both colors can be driven separately, and the PDL design
allows for emission of a fixed image specified for each color (Figure 7). Subpixel
pitch of 10 pm resulted in smooth edges and excellent feature representation. The
device was tested for tens of hours with both colors on. No drop of brightness nor
appearance of defects could be observed [9].
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Figure 6.
Lifetime curves of a phosphovescent green OLED at 1000 nit starting brightness for unpatterned and
patterned stack.

Only 1* color

Only 2" color

I** and 2™ color together Zoom of the array

Figure7.
Passive 1250 ppi patterned OLED display with 1400 x 1400 pixels, 10 pm subpixel pitch, and independent
color driving: general view (left) and detailed view for different color drivings (vight).
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This fabrication process is compatible with both CMOS backplanes and flex-
ible TFT backplanes. The frontplane can thus be implemented in an active matrix
display. Of course, photolithography can be used several times to realize more colors
for a full-color display.

4. Increased resolution by pixel driving techniques

To increase the display resolution, not only the technology (backplane and front-
plane) but also the pixel driving techniques should be optimized. The OLED light
output is dependent on the drain current of the driving TFTs of the AMOLED dis-
plays. Due to inherent variations in AMOLED displays, some compensation methods
to the drain current of the TFTs are required to achieve uniform brightness. This can
be implemented through either in-pixel compensation [10] or external compensa-
tion [11, 12]. Since in-pixel compensation schemes typically require more transistors
inside the pixel, external compensation methods are preferred for high-resolution
applications. Figure 8 shows pixel circuits and a possible layout for in-pixel compen-
sation, using an 8T1C [10] pixel, and external compensation using a 3T2C [11] and,
respectively, a 2T1C [12] pixel. For all these layouts, the same design rules were used.
It is clear from this figure that a display with external compensation, especially the
2T1C pixel circuit, can achieve a much higher pixel density.

The achievable pixel density depends on both the pixel circuit and the design
rules imposed by the technology, such as the critical dimension (CD) of the lithog-
raphy tool. Figure 9 compares the achievable resolutions for different CDs for the
8T1C, the 3T2C, and the 2T1C pixel circuit. Although the CD of 1.5 pm, as currently
achievable with typical i-line steppers, only yields a maximum pixel density of 565
ppi for the 8T1C pixel circuit, the same CD already yields a significant improvement
for the pixel circuits using external compensation, namely, 847 ppi for the 3T2C pixel

Ei
Voo Von

SEL CAL SEL

L L

Figure 8.
Pixel circuits and corvesponding layouts for (left) 8T1C, (middle) 3T2C, and (right) 2T1C pixels.
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Figure 9.
Pixel resolution vs. critical dimension (CD) for various pixel schemes.

circuit and 1210 ppi for the 2T1C pixel circuit, respectively. Furthermore, improve-
ments in technology allowing smaller CD will even further increase the achievable
pixel density, up to 9070 ppi for the 2T1C pixel circuit, when using a CD of 0.2 pm.

The compensation principle for the 3T2C pixel circuit relies on the fact that
applying a voltage on the backgate of a transistor will shift the threshold voltage (V)
of that transistor. By applying the correct compensation voltage to the backgate of
the drive transistor of each pixel, all V1 variations can be eliminated, resulting in
a more uniform display. This compensation method uses three different modes of
operation for the display. The first mode of operation is the calibration mode. In this
mode, the correct compensation voltage is determined for each pixel by applying
a certain reference voltage to the frontgate and measuring the current through the
pixel while varying the backgate. When the measured current matches a predeter-
mined reference current, the voltage on the backgate is the correct compensation
voltage, which will be stored both on the capacitor connected to the backgate and
in external memory. Once the correct backgate voltage is set for every pixel, the
display can be switched to normal operation. In this mode, the display is driven
with the normal video data, which is written to the frontgate of each pixel. Since the
CAL signal is low in this mode, the charge on the capacitor will remain, and hence
the backgate voltage will be the compensated voltage. However, due to leakage, this
charge will slowly change over time. Therefore, a third mode of operation is added,
namely, the calibration refresh. In this mode, the SEL signal is kept low, but the CAL
signal is running through the display, while the compensation data is applied to the
data lines. This way the compensation voltage is restored on the backgate, to ensure
the Vr uniformity remains over time. This compensation method shows a significant
improvement in current variation, as demonstrated in Figure 10.

The current through the drive TFT (Ips), and thus through the OLED, when
operating in saturation regime can be calculated for a certain data voltage (Vgs) by
using Eq. (1):

Co.x
IDSZIM2 *%(VGS—VT)ZZﬁ*(VGS—VT)Z (1)

Compensating only for Vr can eliminate variations in current for one gray
level; however, if the p-factor is different for each pixel, the current will still vary
for different gray values, even after V compensation. This is shown in Figure 11
for the 3T2C pixel. As a consequence, we propose a new compensation method
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Figure 10.
Current variation of a 3T2C display before and after compensation.
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Figure 11.
Current variation of a 3T2C and 2T1C display before and after compensation.

to compensate for both f and Vr variations. Similarly as the previous described
compensation method, we will first characterize the current through each pixel for
multiple data voltages, whereafter the measurements are fitted to Eq. (1).

For each pixel, the extracted p and Vr values are stored. Based on these values,
the Vs voltages can be calculated for each pixel by the driver IC for each desired
gray level by using Eq. (2):

Vs = I%S -Vr (2)

This calculation is relative simple and straightforward, as it only requires a mul-
tiplication, a subtraction, and a square root calculation, which enables to display
real-time video content by using this methodology. Figure 11 shows the current
variation improvements directly obtained from our AMOLED displays, by utilizing
the Vr-only compensation method and comparing it to the Vr and p compensa-
tion method. As mentioned above, the simple V1 compensation method provides
good variation results for a small range, whereas the combined parameter method
improves the variation across all desired gray levels.
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5. Adding a fourth pixel for finger/palmprint sensing

Fingerprint sensor arrays (Figure 5.1) [13] are becoming a mainstream security
mechanism for mobile devices and are today available as autonomous silicon-based
component. The integration of the fingerprint sensor array together with AMOLED
displays [14-16] would benefit the footprint of the mobile device and the function-
ality, enabling detection of multiple fingers at once or even a palmprint.

5.1 Side by side/under/over display pixel

Fingerprint sensors combined with AMOLED displays can be realized in three dif-
ferent configurations for the sensor pixels: (1) in the same plane of the display pixels
and (2) under and (3) over the display pixels (Figure 12). With sensors in the same
plane, the display module gains optical sensing capability by incorporating photo-
detector pixels between OLED pixels. Sensors, under or above the display, require
a separate fingerprint module. A fingerprint module under the display would need
a semitransparent display and light scattering management. A fingerprint module
over the display requires a transparent imager to avoid changes in display emission.
In the previous section, we have demonstrated that a higher resolution backplane can
be achieved at the same critical dimension by introducing external compensation
methods. This combined with the photolitho-based patterning method of OPD and
OLED will the crucial enablers for such a configuration as analyzed in Paragraph 3.

5.2 Passive/active sensor pixel

The pixel circuit architecture of the sensor array can be either passive or active
[17]. The passive pixel is depicted in Figure 13 and is comprised by the photoele-
ment, a capacitor, and a select TFT. The main difference of the active pixel is that it
requires an extra TFT acting as a local amplifier. For high-resolution applications,
the active pixel is not recommended, since its footprint is larger than the footprint
of passive pixels.

5.3 Integrated readout circuit

The integration of peripheral readout circuitry in panel side-by-side with the
display peripherals is beneficial for resolution, connectivity, and potential lower
system cost of the device. In this paragraph TFT-based integrated readout is demon-
strated by using our IGZO n-type only TFTs.

under display over display side by side

Figure 12.
Fingerprint integration configurations in AMOLED displays.
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Figure 13.
Block diagram of the proposed in-panel fingerprint sensor array with integrated CSA for each line, multiplexer
(MUX), and ADC. Power and driving electronics remain off-panel.

The necessary blocks to implement an in-panel readout system are a charge
sense amplifier (CSA), a multiplexer (MUX), and an analog to digital converter
(ADC). The CSA is reading out the charge stored in each pixel of the array. The
MUX is multiplexing the CSA outputs directly to the ADC, decreasing the number
of the required ADC converters. The ADC is converting the analog voltage received
from the CSA to a digital code. Various TFT-based analog blocks have been demon-
strated in the literature [18-24]. Metal-oxide TFT technologies are preferable due
to uniformity over large areas, very low leakage currents, and lower cost over area.
In the following section, fast and small footprint ADCs and charge sense amplifiers
(CSA) are discussed to meet the specifications of an in-panel fingerprint array.

In Figure 13, the high-level block diagram of the in-panel readout system is
shown. The five main blocks are detailed: a two-dimensional (2-D) image sensor
array, the CSAs connect on each row of the array, a multiplexer connects four or
more rows (MUX), and ADC connects to every MUX and off-panel power and
driving electronics. Each column of the 2D image sensor array is readout from the
corresponding row by a CSA. The pixels are readout subsequently enabled by the
“SELECT” signals from the columns and converted to digital code through the MUX
and an ADC. The MUX enables a larger footprint for the ADC, up to 4 to 8 times
larger compared to a single line (50 pm). Hence, the ADC and MUX needs to be 4
to 8 times faster than the CSA. A 1-2 fps readout of 1M pixel imager (1000 x 1000
pixels) sets a readout speed of 1-2 kS/s per line for each CSA. This translates to 4-8
kS/s for the ADC if a 4:1 MUX is used or 8-16 kS/s for a 8:1 MUX. The slower ADC
configuration sets the specification limitation to the width of the ADC to 200 pm,
whereby the faster allows a width of 400 pm.

5.4 Dual-gate metal-oxide technology

Figure 14 (a) depicts the cross section of the dual-gate self-aligned metal-oxide
(MO) technology on a 15-pm-thick polyimide film [25, 26]. The metal-oxide
(IGZO or ITZO) TFTs are fabricated with two metal gates (MO, M1) and source-
drain metal contacts (M2). An additional metal layer (M3), not shown in the cross
section, is beneficial for footprint but also for performance and noise. The CSA
experimental results shown in the following sections are designed with an extra
metal layer, also used as anode layer.

Figure 14(b) shows the distribution of the extracted on-current (Ioy) from
the measured transfer characteristics of 480/20 (pm/pm) IGZO (red) and ITZO
(orange) dual-gate TFTs. The IGZO TFTs exhibits a median Ioy of 54.4 pA, whereas
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(a) Cross section of dual-gate self-aligned metal-oxide technology on flexible polyimide substrate and

(b) extracted on-current (Ion) from experimental data of 480/20 (um/um) dual-gate self-aligned ITZO (red)
and IGZO (orange) TFTs.

the ITZO dual-gate TFT exhibits a median of 250.4 pA. Although the Ioy of the
ITZO TFT is 5 times larger, the normalized spread of Ioy to the median over the
wafer is double (15.4% for ITZO and 8.8% for IGZO). Threshold voltage is also
extracted from the same measurements, yielding 1.16 V (and 6V, = 242 mV) for
ITZO and 1.77 V (and 6V, = 94 mV) for IGZO TFTs. The 480/20 TFT is the largest
footprint TFT used in the implemented designs. In Figure 15, microphotos of the
(a) ADC and (b) the L = 3 um CSA are shown.

5.5 Charge sense amplifier

The schematic of the CSA is shown in the Figure 16(a). The schematic of the
operational amplifier (OPAMP) used in the CSA is shown in Figure 16(b). The
OPAMP comprises a differential pair and a load that is driven by a two-stage buf-
fer, initiated by a start-up circuit. The driver consists of two diode-connected load
inverters as input and output stages. The output stage is driven by a start-up circuit to
initialize the operation and provide ~1 loop gain positive feedback bias to the n-type
load of the differential amplifier such that gate voltage follows source voltage. A buf-
fer is also included at the output nodes A and B to increase the speed of the amplifier.

The experimental results of open-loop experiments of the OPAMP are shown
in Figure 17 for dual-gate self-aligned IGZO TFTs of minimum channel length of
L = 5 pm. The maximum gain for the 5 pm design is 43.2 dB with a phase margin of
52°. Both parameters are critical for stable closed-loop operation of an OPAMP. The

e
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Figure 15.
Microphotos of the (a) ADC and (b) L = 3 ym CSA on flexible substrate.
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Schematic of (a) charge sense amplifier (CSA) and (b) the OPAMP schematic using dual-gate self-aligned
TFTs used in the CSA in (a).
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Experimental bode plots of the OPAMP using dual-gate self-aligned IGZO technology for L = 5 pm.

obtained bandwidth (BW) is 1.4 kHz, and gain-bandwidth reaches 205 kHz. These
specs are compared to other publications in the state-of-the-art Table 1 using TFTs.
The footprint of the CSA is 0.28 mm? with the capacitors. The footprint of the CSA can
be decreased to 0.07 mm” if 3 pm design is implemented. These footprints will result in
abezel width of 5.5 mm (L = 5 pm) and 1.3 mm (L = 3 pm) [27] for a 50 um pixel size.

5.6 Analog to digital converter
The successive approximation C-2C architecture is selected as ADC architecture,
due to the low power dissipation and the 0.1% uniformity of metal-insulator-metal

capacitors across large-area thin-film wafers. The schematic of the ADC is shown in
Figure 18. The comparator is the most critical building block of the ADC for speed
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Circuit This work 2018 [11] 2012 [8] 2013 [10] 2014 [9]
Supply (V) 15 15 10.5 5 50
Gain (dB) 43 k7] ~21 18.7 192
GBW (kHz) 205 140 2 472 100’
pm (°) 52 53 50° neg 46
Area (mm’) 0.28 03 Discrete 2.08 —
Substrate PI PI PI Glass
L (um) 5 5 10 6 10
‘Estimated.
Table 1.
In-Ga-Zn-O-TFT differential amplifier comparison.
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The implemented SADG TFT ADC block diagram driven with offset compensation.

and accuracy. To improve the accuracy of the comparator, open-loop offset can-
celation [28] is used. The response of a L = 5 pm dual-gate self-aligned TFT-based
comparator at 10 kHz for two inputs AVj, = 0 and 10 mV is shown in Figure 19. The
offset of the comparator is minimized to less than 10 mV using open-loop cancel-
ation, even though the V, variation of the TFTs is one order larger.

The experimental results of the reconstructed samples from a sinusoidal analog
wave applied at the input of the IGZO ADC are shown in Figure 20(a). The IGZO
ADC achieves 6-bit resolution at a sampling speed of 133 S/s at 15 V power supply
using a L = 20 pm comparator. The clock speed of the IGZO ADC is at 2 kHz match-
ing the bandwidth of the comparator, and 15 clocks are required to complete the
conversion. Two options are available to increase the sampling speed of the ADC as
set by the specification for 1-2 fps fingerprint readout: channel length downscaling
and/or change of TFT technology or change of ADC architecture to flash but then
for 6-bit the area might increase dramatically due to the multiple resistors needed
and 64 comparators.

The minimum length of the TFTs of the measured ADC is L = 20 pm. The
length of the TFT of the comparator of the ADC defines the speed of the circuit.
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Measured comparator output with auto-zevo offset cancelation for designs using TFTs of minimum L = 5 ym at
10 kHz.
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(a) The applied analog input of 2.061 Hz sinewave signal to the ADC and the veconstructed output points from
the digital output of the ADC at a clock frequency of 2 kHz for IGZO and (b) the applied analog input of
15.625 Hz sinewave to the 15 kHz clocked ITZO ADC and the reconstructed output.

In Figure 19 the response of the L = 5 pm comparator is shown validating 10 kHz
operation, 5 times faster compared to the 20 pm comparator used in the ADC. This
indicates that 5 pm comparator can increase the sampling speed by 5 times.
Another option to enable a larger increase of the ADC speed is to introduce
ITZO TFT for the ADC. ITZO TFT exhibits 5 times larger Ioy which leads to faster
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responses [Figure 20(b)]. The ITZO ADC achieves a similar bit resolution of

the applied sinusoidal wave at 1 kS/s sampling speed and at 10 V supply voltage.
Combining both ITZO and downscaling of the length of the TFTs of the compara-
tor will lead to sampling speeds above 4 kS/s as required for the in-panel readout
system of 1 fps. The power dissipation of the ITZO ADC is at 550 pW at 10 V power
supply and at 110 pW at 15 V power supply for the IGZO implementation.

In conclusion, TFT-based in-panel analog circuits for 1 fps readout of a finger-
print or palmprints array is presented in this paragraph. The circuit blocks can be
integrated side-by-side to the flat panel display with integrated sensor array. Two
analog blocks are discussed, being an analog to digital converter and charge sense
amplifier. ADCs and CSA downscaling to 5 pm including a 500% Ioy boost of the
ITZO TFTs enable the 4 kS/s operation specifications for the in-panel readout
circuits. The use of complementary technologies such as LTPS or LTPO would result
an increased performance for important parameters such as the gain-bandwidth
and the resolution and speed of the ADC. This will enable a better optimized
system for this application.

6. Conclusions

In this book chapter, we have discussed a roadmap to include additional func-
tionalities on displays by adding a fourth pixel to the display. The purpose of the
fourth pixel in this work was a photodetector pixel to realize an in-panel fingerprint
or palmprinting function. Several options have been discussed to enable this
roadmap. At first, we have elaborated several techniques to realize higher-resolution
frontplane (OLED) and TFT backplanes. For the frontplanes, photolitho patterning
of the OLED was introduced as a disruptive technology impacting significantly the
frontplane resolution. External compensation techniques for the backplane when
driving OLEDs are proposed in this book chapter, resulting in a uniform and higher-
resolution display by using only 2T'1C schemes. As photodetector pixel, we proposed
a passive 1 T pixel, with included peripheral circuits to enable a lower system cost.
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Chapter 6

Vertical-Type Organic
Light-Emitting Transistors with
High Effective Aperture Ratios
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Abstract

The inherent complexity of the structures of active-matrix (AM) organic light-
emitting diode (OLED) displays severely limits not only their size but also device
performance. Surface-emitting organic light-emitting transistors (OLETs) may
offer an attractive alternative to AM displays. We report some characteristics of
vertical-type OLETs (VOLETs) composed of a source electrode of low-dimensional
materials and an emissive channel layer. With a functionalized graphene source,
it is shown that the full-surface electroluminescent emission of a VOLET can be
effectively controlled by the gate voltage with a high luminance on/off ratio (10*).
The current efficiency and effective aperture ratios were observed to be more than
150% of those of a control OLED, even at high luminances exceeding 500 cd m™2,
Moreover, high device performance of micro-VOLET pixels has been also success-
fully demonstrated using inkjet-patterned emissive channel layers. These significant
improvements in the device performance were attributed to the effective gate-
voltage-induced modulation of the hole tunneling injection at the source electrode.

Keywords: organic light-emitting diode (OLED), organic light-emitting transistor
(OLET), vertical-type OLETS, graphene, on/off ratio, aperture ratio, inkjet printing,
tunneling injection

1. Introduction

In recent years, researchers of state-of-the-art electronics utilizing organic
semiconducting materials have succeeded in advancing various devices, such
as organic light-emitting diodes (OLEDs), photovoltaic cells, organic thin-film
transistors (OTFTs), and sensors, among others [1-10]. Among these, intensive
efforts in OLEDs have led to high brightness, efficiency, and full-color electrolumi-
nescent (EL) emissions for various light-emitting optoelectronic devices [7-10]. The
advantages of such OLEDs over conventional liquid crystal displays (LCDs) are well
known, especially for high-quality displays in terms of their viewing angle, response
time, thickness, and contrast ratio [11]. For instance, small OLED displays are con-
structed on an array of thin-film transistor (TFT) switches, allowing precise control
of the states of the pixels [12-14]. In such active-matrix OLEDs (AM-OLEDs), the
OLED is driven in the current mode; thus, at least two TFTs, in this case a switching
TFT to select a pixel and a driving TFT to operate the OLED, are required, as shown
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in Figure 1(a) [12, 13]. Perhaps unexpectedly, however, the complexity of such pixel
circuit designs with their sophisticated procedures has led to a significantly limited
light-emitting area and aperture ratio (the light-emitting area as a fraction of the
total area of the device, typical aperture ratios: 25-34%) [13-15], introducing severe
problems associated with limited device performance and limited display sizes for
AM-OLEDs. Besides these issues, fundamental factors related to the architecture

of the OLED itself, such as exciton quenching and photon loss, also still limit the
efficiency and brightness of these devices.

To overcome some of the limitations of (AM-)OLEDs, research on different
structures and materials is currently yielding new developments [15-30]. Among
these, organic light-emitting transistors (OLETSs), such as static-induction-
transistor OLETs (SIT-OLETs) [17, 18], metal-insulator-semiconductor OLETs
(MIS-OLETs) [19], lateral-type OLETs [20-29], and vertical-type OLETs (VOLETSs)
[30], have been devised by integrating the capability of the OLED to generate
EL light with the switching functionality of a field-effect transistor (FET) into a
single device structure. In these OLETs, the current that flows through emissive
semiconductor channel layers can be controlled by the gate voltage, which can also
change the EL emission brightness state from the dark off- to the bright on-state.
The on-state implies that holes and electrons injected into the channel layer form
excitons that recombine radiatively to generate EL light [17-30]. These OLETs are
of key interest; not only do they provide a novel device architecture to investigate
fundamental optoelectronic properties related to charge carrier injection, trans-
port, and radiative exciton recombination processes in organic semiconducting
materials, at the same time OLETs can also be used to develop highly integrated
organic optoelectronic devices such as highly bright and efficient light sources,
optical communication systems, and electrically driven organic lasers [21-30].

In principle, the luminance from OLETSs can be modulated by the gate volt-
age without any additional driving devices; thus, displays using OLETs have the
advantage of greatly reducing both the number of TFTs and the circuit complexity
(Figure 1(b)), thereby providing an effective means of increasing the aperture ratio
[29]. Hence, OLETs could be a key part of the development of next-generation AM
display technology [29]. Indeed, a proof-of-principle device was recently developed
using carbon nanotubes (CNTs, Figure 2), delivering a CNT-based vertical-type
OLET (CNT-VOLET) [31-34]. In the CNT-VOLET, a dilute network of CNTs is
used as a source electrode, leading to several improvements, such as a high on/off
ratio, attributed to the gate-bias-induced modulation of the lateral (or horizontal)
Schottky barrier height [31, 32]. Nevertheless, the improvement of the effective
aperture ratio (AR, the percentage ratio of the current efficiency of a surface
emitting OLET to that of a control ITO-base OLED at a given luminance) in the
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Figure 1.
(a) A conventional two TFTs + one capacitor AM-OLED pixel circuit diagram with a switching TFT and
driving TFT. (b) A simple AM-OLET pixel civcuit of an integrated OLET and a switching TFT.
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Carbon nanotube (CNT) Single layer graphene (SLG) Bilayer graphene (BLG)

Figure 2.
The structure of carbon nanotube (CNT), single-layer graphene (SLG), and bilayer graphene (BLG).

CNT-VOLET is still limited to less than those of control OLEDs, and its parasitic
power consumption (PPC, percentage of power dissipated across the driving tran-
sistor element of the device not contributing to light generation) requires further
reductions [32]. Moreover, this attempt resulted in a complicated source structure,
and the production of porous CNT network sources with smooth and homogeneous
surfaces was problematic due to the aggregation of CNTs [35]; significant obstacles
thus remain with regard to the limited reproducibility of these devices. Thus, the
goal of high-performance and reliable OLETs with high AR.¢ and low PPC values
remains a considerable challenge.

In this chapter, for the VOLET, the use of a nonporous, homogeneous, smooth,
and easily processable graphene layer is described as the source contact, together
with an emissive channel layer. Here, the graphene is a two-dimensional (2D) mate-
rial in the form of a single atomic layer of carbon with a hexagonal lattice structure
bonded in the sp” configuration (Figure 2) [36-38]. Despite the similar low dimen-
sionality of graphene to CNTs [36, 37], the optoelectric properties of a VOLET
based on graphene have not yet been fully characterized. Herein, the fabrication
and characterization are described for a simple VOLET with a single-layer graphene
(SLG) source contact (Gr-VOLET), capable of efficiently modulating device perfor-
mance levels with high luminance on/off ratios (~10*) upon the application of a gate
voltage. The Gr-VOLETs with doped SLG sources with FeCl; are demonstrated to
exhibit greatly improved device performance, especially in their enhanced current
efficiency and AR.g values of more than 150% of those of a control OLED, even at
high EL luminance levels exceeding 500 cd m 2. These figures are among the high-
est ever published for OLETS, and their low PPCs make them all the more attractive.
Moreover, such high device performance has also been successfully confirmed even
for micro-VOLET pixels fabricated by an inkjet-patterning technique [39].

2.2D material electrode: doped CVD graphene
2.1 Preparation of SLG source electrodes

Preparation of substrates: The transparent VOLET substrate used here was prepared
with a pre-patterned bottom gate electrode, consisting of a transparent ITO layer
(80-nm-thick, 30 ohm square_1 sheet resistance) on a glass substrate, and a sputter-
deposited aluminum oxide (Al,O;) top layer (400 nm) as a gate dielectric over the
ITO gate (glass/ITO/ALO;). The VOLET substrate used was then cleaned with
alcohol, followed by a UV treatment (5 min), prior to the fabrication of the devices.

Synthesis and transfer of SLG: The procedure used for transferring the chemical-
vapor-deposition (CVD)-grown graphene onto a target substrate [40-45], in this case
an FET substrate, a VOLET substrate, or a glass substrate, is described below. The first
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step involves the CVD growth of graphene on a copper (Cu) foil [42-45]. A clean Cu
foil was placed in a quartz tube vacuum chamber and then the temperature of the
chamber was increased to 1000°C under Ar (10 sccm). For the growth of graphene,

a mixed gas of methane (CH,, 30 sccm) and hydrogen (H,, 10 sccm) was used at
approximately 2.7 x 107> Pa. The next step involved spin-coating a solution of poly-
methyl methacrylate (PMMA) at 3000 rpm for 60 s onto the graphene on the Cu foil
[42-45]. The graphene on the back side of the Cu foil was removed by atmospheric-
pressure oxygen plasma. Next, a PMMA-coated Cu/Gr (Cu/Gr/PMMA) block (width:
4 mm, length: 20 mm) was floated on an aqueous FeCl; etching solution used to etch
the Cu foil entirely, at 50°C for 20 min [40]. Next, the Gr/PMMA block was rinsed
with deionized (DI) water two to five times (10 min) and transferred onto a target
substrate, after which the graphene-transferred substrate was dried under reduced
pressure (~1 Pa) for 1 h and left in air for 24 h. The PMMA layer was then removed by
dissolving the PMMA layer in chloroform (~60 min), monochlorobenzene (~30 min),
and chloroform again (~30 min), to obtain a SLG source electrode. The optical charac-
teristics of the SLG-transferred VOLET substrate were monitored using a UV-visible
spectroscopy system. The average optical transmittance (~92%) of a SLG source on

a VOLET substrate in the visible range (400-800 nm) was found to be similar to that
(~92%) of a conventional ITO-coated glass substrate for OLEDs.

2.2 Characterization of SLGs

In this study, a transferred SLG was investigated as a source contact, where the
FeCl; doping is processed spontaneously during the graphene transfer process [40].
The basic properties of the three SLG sources are shown in Figures 3 and 4 and are
summarized in Table 1.

In order to identify the SLG used, the surface composition of the SLG on the
SiO,/Si substrates was analyzed by X-ray photoelectron spectroscopy (XPS).
Figure 3(a) presents the wide-scan XPS spectra, showing strong photoelectron
lines at binding energies of ~104, ~285, and ~531 eV, which are attributed to Si2p,
C1s and Ols, respectively. Note that there is no Cu peak in the range of 932-935 eV
(Cu2p and Cu®*), implying the complete etching of the Cu foil. In addition, the
XPS spectra also revealed small but measurable amounts of Cl and Fe. These are
likely residues of the etchant (FeCl;) used during the etching process. When such
FeCl; residues adsorb onto the SLG, the transfer of electrons to the Cl from the SLG
(chlorination) [46] induces unintentional p-doping of the SLG.

Figure 3(b) shows the surface morphology of the SLG on the VOLET substrate
as measured by a noncontact atomic force microscope (AFM). As indicated by
the AFM morphology, the SLG samples exhibit a fairly smooth surface; the SLG
presented an AFM morphology that was nearly identical at different positions on
the investigated SLG samples with low RMS roughness levels of 1.4-2.0 nm.

The surface-contact potential difference (Vcpp) of the SLG on the VOLET substrate
was also monitored using a simultaneous Kelvin prove force microscope (KPFM)
by applying AC voltage (1 V) with a frequency of 18 kHz to a Pt/Ir-coated silicon
KPFM cantilever. In order to calibrate the work function of the sample, Vipp of highly
oriented pyrolytic graphite (HOPG) was used as a reference Vipp. The work function
of the SLG (Wg ) was obtained by a comparison of Vcpps for the SLG and the HOPG,

Wi = Whope + [Vepp (HOPG)—-Vepp (SLG) |, (1)
where Whyopg is the work function of the HOPG (~4.6 eV) [47]. Figure 3(c)

shows the distributions of the work functions of the SLG as measured by the
KPFM. The estimated average work function of the FeCl;-doped SLG on the VOLET
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substrate is approximately 5.21 + 0.07 eV, which is higher than the intrinsic work

function (4.5-4.8 eV) of undoped monolayer graphenes [47, 48], mainly due to the
FeCl; doping [49].

(a) (b

—~25 5
=
A
2 201 4 .
0w
5 c
S15F | ‘ g =3
£ k8 & § 2
g 0P F > 2 %
! b=
Q 3
gos M | 1
2 |
o go— — 0
900 600 0 1 2 3 4 5
Binding energy (eV) X (um)
(c) (d)
10
8 f 25
< 2
X1 £ 20}
g W 215t
a 3
= 10 f
o . : . ' : : : :
5.0 5.1 52 -5.3 5.4 06 03 00 03 06
Work function (eV) Gate voltage
Figure 3.

(a) Wide-scan XPS survey spectra of the studied SLG on a SiO,/Si substrate. AFM topographic image

(5 pm x 5 um) (b) and corresponding work function distribution (c) of the SLG on the VOLET substrate
as measured by KPFM. (d) Transport characteristics of the SLG from liquid-gated lateval Gr-FETs at

Vps = =100 mV. The insets show the structure of the liquid-gated lateval Gr-FET with an Ag/AgCl reference
electrode in a nonaqueous electrolyte containing ACN and 100 mM of TBAPF;.
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(a) Raman spectra of the SLG transferved from the Cu foil onto the VOLET substrate. (b) Polarized optical
microscope image of a spin-coated layer of commercial nematic liquid crystals on the SLG transferved to the
VOLET substrate.
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Work function [eV] Dirac point energy [eV] Hole mobility Sheet resistance,
[em?V~1s71] [kQ square_l]
5.21 4.89 410 1.20
Table 1.

Summary of the electronic properties of the FeCl,-doped SLG used.

Next, the transport characteristics of the SLG used were observed by assessing
a liquid-gated lateral FET with SLG channels, a Gr-FET, as shown in Figure 3(d).
The lateral FET substrate was prepared using the VOLET substrate or a heavily
doped n-type Si wafer substrate (0.05-ohm cm) with a thermally grown SiO, layer
(300-nm-thick) as the gate dielectric for the OTFT, together with a laterally pat-
terned metal source and drain electrodes consisting of a Cr layer (5.5-nm-thick)
and a Au layer (50-nm-thick) formed on the substrate via a vacuum deposition
process with a mask. The channel length (L) and width (W) of the FET were 50 pm
and 1600 pm, respectively (see inset in Figure 3(d)). Regarding the transport
characteristics of the SLG studied, a liquid-gated lateral Gr-FET was prepared using
an FET substrate with acetonitrile (ACN) with 100 mM of tetrabutylammonium
hexafluorophosphate (TBAPF;). The channel of the studied SLG of the Gr-FET was
gated through the ACN electrolyte with an Ag/AgCl (3.5 M KCIl) reference electrode
by sweeping the gate voltages from —0.8 to 0 V and then to +0.8 V with a sweep rate
of 30 mV s™" at Vpg = 100 mV. In general, the liquid-gate Gr-FET has better transfer
characteristics than the conventional back-gate Gr-FET because the liquid gate
exhibits higher capacitance than the back gate [49, 50].

For the SLG used here, the Gr-FET showed a clear asymmetrical V-shaped Ips-Vg
curve with a charge-neutral gate voltage (or Dirac point, Vpjn.) of ~0.54 V/Vyg/aec.
This large positive value of Vpj,. clearly indicates that the SLG used is p-type (hole)
doped graphene due to the chlorination of graphene by FeCl; [49]. According to the
Vbirac value of the SLG, the energy level of the Dirac point Ep, relative to the vacuum
level, can be estimated with regard to the redox potential of a probe material of
ferrocene via the following relationship [51]:

Ep= [— (e V6, Dirac - E12(Fc/Fe+)) - 4.8] eV. ()

Here, 4.8 eV is the absolute energy level of the ferrocene and ferrocenium
(Fc/Fc+) redox couple below the vacuum energy level, and E1/(pe/rc,) = 0.45 eV
[51]. From Eq. (2), the Vpj, value of ~0.54 V/Vygaqci for the SLG gives a Dirac
point energy Ep of approximately ~4.89 eV. Note that the Ep value of 4.89 eV is
higher than that (~4.49 eV) of epitaxial monolayer graphene [52], also confirm-
ing the p-type doping of the SLG. From the transfer characteristics, the carrier
(hole) mobility u of the SLG was also estimated using the relationship [53] of

p = (LIWCy Vps) (Alps/AVG), (3

where C, is the top-gate capacitance of graphene (~1.9 pF cm™) [50]. The
estimated hole mobility for the SLG was approximately ~410 cm® V™' s,

For the SLG studied here, Raman spectroscopy was also carried out using a
confocal Raman system with a laser source operating at 514.5 nm (~1 mW on
sample surface). As shown in Figure 4(a), the Raman spectra of the SLGs studied
here have two strong characteristic peaks, a G band at around ~1580-1600 cm™,
due to the Ey, vibration of spz-bonded carbon atoms, and a 2D band at around

~2644-2665 cm ™, which is a second-order type of vibrational mode caused by the
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scattering of phonons at the zone boundary [54, 55]. It can be observed that there
are very small disorder-induced D bands around ~1340-1350 cm ™, indicating the
sparse formation of sp> bonds due to the relatively few defects in the SLGs studied.

From the Raman peak intensities, it was found that the ratios of the integrated
Raman intensities of the G band to the 2D band for the FeCl;-doped SLG were
in the approximate range of 1.7-1.8, indicating that the SLGs studied here are
high-quality monolayer graphene [55]. Moreover, from the peak positions, it was
found that while the G and 2D peaks of the intrinsic undoped SLG are positioned
at ~1579 cm™" and ~2669 cm ™, respectively, the G and 2D peak positions of the
SLG used are correspondingly upshifted to ~1585 cm ™" and ~2677 cm™". Through
a comparison of these with other examples in an earlier report of the relationship
between the G and 2D peak positions of graphenes [55], it was verified that the SLG
used here is p-type doped SLG.

Subsequently, the densities of the defects, the distances between the defects,

and the porosities of nano-defects for the SLG were estimated from the ratio of
the Raman intensities of the G bands to the D bands, Ip/Ig, as shown in the Raman
spectra above. The density of the defects (np) and the distances between the defects
(Lp) for the SLG, as estimated from the carbon amorphization trajectory (Ip/
Ig ~ 0.117) [56, 57], were np ~ 3.0 x 10 cm™ and Lp ~ 32.8 nm, respectively, cor-
responding to a porosity of 9.4 x 107°%. This result clearly indicates that the SLGs
studied here are nonporous high-quality SLGs with a negligible number of porous
defects introduced during the synthesis and transfer steps.

Next, for this SLG, polarized optical microscopy was also carried out using SLG
covered with commercial nematic liquid crystals (NLCs, Merck LC ZLI-2293) in
a crossed polarization state [58]. As shown in Figure 4(b), the polarized optical
microscopic image of a spin-coated NLC layer on the SLG shows large graphene
domains (with an average radius of the domains >100 pm) in the form of highly
uniform optical retardation, in addition to small domains of several hundreds of
nanometers in size [59, 60], clearly indicating that the SLG studied here is high-
quality graphene with large-area graphene domains.

3. VOLETs with a doped CVD graphene source
3.1 Fabrication of SLG-based VOLETs

Figure 5 presents a schematic illustration of the structure used and the stages
of the fabrication of the SLG-based VOLETs (Gr-VOLETs) with an ITO gate
separated by an Al,O; gate dielectric layer, a SLG source, organic channel layers,
and an Al drain. The fabrication steps of the Gr-VOLET investigated are described
below. To construct the Gr-VOLET, SLG (4 mm by 20 mm) was transferred onto a
VOLET substrate, as mentioned above (Steps 1, 2). The source electrode used was
FeCl;-doped SLG. Next, organic semiconducting materials were deposited over the
SLG source electrode regions; a channel layer of poly(para-phenylene vinylene)
copolymer (known as SY, 70-nm-thick) was coated as an emissive channel layer by
spin coating (Step 3), after which a 2-nm-thick electron injection layer of CsF and a
80-nm-thick drain electrode of Al were deposited on the top of the SY channel layer
in sequence via thermal deposition at a rate of 0.05 nm s~* under a base pressure of
less than 2.7 x 10™* Pa (Step 4). Finally, the fabricated device was encapsulated with
an epoxy resin in a glove box. The photograph in Figure 5 shows the microscopic
morphology of the device cross section as observed by field emission scanning
electron microscopy (SEM).
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Figures.

Schematic illustration of the fabrication steps of a Gr-VOLET and a cvoss-sectional scanning electron
microscopy (SEM) image of the Gr-VOLET with stacked layers of an ITO gate separated with an Al,O; gate
dielectric, a SLG source, ovganic channel layers, and an Al drain.

3.2 Operating characteristics of Gr-VOLETSs

The operating characteristics of the Gr-VOLET were observed using a luminance
meter in conjunction with two source meters. To operate the Gr-VOLETS, source-
drain voltage Vps (= —Vsp) on the Al drain and gate voltage, Vs (or Vi), were
applied with respect to the SLG source contact, held at the ground potential. During
the operation of the Gr-VOLET, an electron injection occurs from the Al drain into
the SY channel layer, and the hole injection from the SLG source to the SY channel
layer can be modulated by controlling the gate voltage Vs (or Vi), as discussed
below.

Figure 6 shows the EL light emissions of a Gr-VOLET operating under dif-
ferent Vi values with a fixed Vgp of 3.8 V. As shown in Figure 6(b), the EL light
emission is uniform and bright (in the on-state) and evenly dark (off-state) over
the entire surface of the active area for negative and positive Vg values, respec-
tively. Hence, V;; essentially influences the radiative recombination process in the
emissive channel layers.

(a) (b)
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|

SLG source

Al drain ITO gate
=3

Al drain ITO gate

Device image (Vo= 0 V) ON state (V= -30 V)
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Figure 6.
EL light emission from a Gr-VOLET for different gate voltages, Vs, for a given source-drain voltage, Vsp, of
3.8 Vin bright (a) and dark (b) conditions (active area: 4 mm x 2 mm, white squares).
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The output current and luminance characteristics of the Gr-VOLET were
investigated as described below. For comparative purposes, the diode characteristics
of the Gr-VOLET were also observed with the gate electrodes isolated from the
external circuits (Gr-OLED). As shown in Figure 7, the current density-voltage
(Jsp-Vsp) characteristics and luminance-voltage (L-Vgp) characteristics of the
Gr-VOLET present the following key features: (i) the Jsp-Vsp characteristics are
similar to the diode characteristics, as is generally observed in vertical organic FETs
due to the short channel lengths [61]. (ii) Similar behaviors were observed in the
L-Vsp characteristics; (iii) for a given Vsp, both Jsp and L increase with a decrease
in Vg, even at low Vgp values, indicating that current modulation by Vg can change
the EL emission brightness. Thus, the V; dependent turn-on voltage, Vouset, can be
reduced to well below Ve of the Gr-OLED, and (iv) both Jsp and L also depend
on the direction of change of Vg, that is, upward or downward, implying hysteretic
behavior.

Interestingly, as shown in Figure 7, at Vg = —40 V, the Gr-VOLET with the doped
SLG source exhibits high device performance, superior to that of the Gr-OLED,
indicating an improved and balanced charge injection from the SLG source for
negative Vg values. Conversely, at Vi = +40 V, Jsp and L of the Gr-VOLET are
much lower, due to the switching off effect of the hole injections from the SLG
source. The highest values of the peak on/off ratios for Jsp and L were ~10> and
~10%, respectively, at Vi = +40 V. Thus, the gate-bias-induced modulation effect of
Gr-VOLET is shown to be quite efficient.

Next, the device performance, AR, and PPC, of the Gr-VOLET were estimated
in the on-state in comparison with a control OLED fabricated using an identical pro-
cess on an ITO anode (ITO-OLED) (Figure 8). As shown in Figure 8, the Gr-VOLET
exhibits EL luminance higher than that of the control OLED (ITO/SY/CsF/Al) in
the Vgp < 4.0 V region. Moreover, the Gr-VOLET was shown to be more efficient
than the control OLED (Figure 8(c)). For instance, at an EL luminance level of
500 cd m~2, the Gr-VOLET emitted EL light with a current efficiency, ¢, of 713 cd
A™", which is approximately 154% of the 7 result (4.64 cd A™") for the control
ITO-OLED. Thus, the AR value of the Gr-VOLET can be estimated to be 154% due
to its full surface emission, just like the OLED. Thus, it is clear that the Gr-VOLET
has a greatly enhanced AR.¢ compared to other reported devices (Table 2). This
result offers another substantial advantage: given the level of AR, the brightness
of the device can be maintained under a lower Jsp, providing a longer device lifetime
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Figure?7.

Gate-voltage (Vg)-dependent curvent density-voltage (Jsp-Vsp) (a) and luminance-voltage (L-Vsp) (b)
characteristics of a Gr-VOLET with a FeCl;-doped SLG source for upward and downward changes in V. For
comparison, the characteristics of a Gr-OLED (i.e., gate-disconnected Gr-VOLET) are also shown (dotted
curves, OLED apemtians).
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J-V (a), L-V (b), and nc-L (c) comparisons of the Gr-VOLET in the bright on-state (Vg = —40 V) with its
ITO-based control OLED (ITO-OLED). Note that ITO-OLED = (ITO/SY/CsF/Al).

Devices Reference Source type AR [%] PPC [%]
TFT + OLED [15] 53
MIS-OLET [19] 51
CNT-VOLET* [32] Porous CNT networks 98 6.2
Gr-VOLET This work [49] FeCl;-doped SLG 154 5.2

“Reference devices used the green phosphorescent emitter Ir(ppy) .

Table 2.

Comparison of the effective aperture ratio, ARy and parasitic power consumption, PPC, for various devices
at a luminance level of 500 cd m™.

[62]. It is noteworthy that ;¢ (713 cd A™") for the Gr-VOLET was approximately

1.4 times higher than ¢ (517 cd A™") of the ITO-OLED, possessing the optimized
HIL of PEDOT:PSS. Thus, it is clear that the SLG source in the Gr-VOLET provides
amplification of the emission and current efficiency, although further optimization
of the electrodes is still possible.

Next, the PPC of the Gr-VOLET was deduced, which achieved luminance of
500 cd m ™2 at Vip = 3.82 V with an AR.¢ rate of 154%, as discussed above. For the
control ITO-OLED to emit a luminous flux through an aperture while transmit-
ting 154% of its light, thereby matching the Gr-VOLET, it must emit 324 cd m ™,
requiring an applied voltage of 3.62 V. This indicates that 0.2 V of the Vsp (3.82 V)
for the Gr-VOLET was dropped through its embedded transistor element, leading
to a considerably reduced PPC of only 5.2%. This is much lower than that (6.2%) of

the previous CNT-VOLET and the levels (>50%) for a TFT-OLED and a MIS-OLET
(Table 2) [19, 32].

3.3 Charge injection process at SLG sources

At this point, our investigation turns to the hole injection mechanism at the
interface between the SY channel layer and the SLG source. To be injected across
the interface (SLG/SY), the holes must overcome the barrier height at the interface
either via thermionic emission or tunneling processes [63-68]. Figure 9(a) shows
examples of Fowler-Nordheim (F-N) curves [63-67] for the Gr-VOLET at various
Vs during upward changes in Vg. All of the curves show two different hole injec-
tion processes with transition voltages (Vrs), at which the injection mechanism
changes to tunneling from Schottky thermionic emission [63-68]. In the figure, it
is interesting to note that Vg affects both the Schottky thermionic emission and tun-
neling, indicating that V strongly depends on V. It is also noteworthy that because
EL emission of the Gr-VOLETs occurs when Vsp > Vonset (Vonset > V1), the main

152



Vertical-Type Organic Light-Emitting Transistors with High Effective Aperture Ratios
DOI: http://dx.doi.org/10.5772/intechopen.92833

b
(@) (0o
2t
% * V =40V o
0+ % o Vg =-20V 0.45 o }
— 9 3 ~0n V=0V
:;8 -2 ’:.-c; - \.'L_ =+20V S—.
== e * V=40V ® 040 o Ap
o ) = 5LG sy
,_)m a? S
"‘":' o, N o
= " i 035} o o of
8t 833 S —1 2 Ey O Tunnelling
; {4 : ‘#9 Thermionic
10 Tunnelling =— V; —= Thermionic ' 0.30 = . N z )
0.0 0.5 1.0 1.5 2.0 40 20 0 -20 -40
1 V.(V
W, (V) V)
Figure 9.

(a) Fowler-Nordheim plots of the Gr-VOLET with the SLG source with various Vg values for upward Vg
changes. (b) Gate-bias-modulated hole tunneling barrier height, @, extracted from the curve fittings in the
hole-dominant vegimes. The inset shows a schematic energy band diagram for the thermionic emission and
tunneling at the interface between the SLG and the SY layer along the normal direction of the interface. @
denotes the interface potential barrier height between the SLG and the SY channel layer.

hole injection process for EL emission is the tunneling injection in the Gr-VOLETs.
According to the modified tunneling current model [70], the tunneling current
density (J) of a single charge carrier through a triangular barrier at a polymer/metal
junction is related to the potential barrier height (@) and the temperature (T),

In(J/V?) = -Py/V + In(P,/V) - In[sin(P5/ V)],

where kg is the Boltzmann constant and P; are parameters related to @. This
relationship allows the F-N plots to be analyzed, and the potential barrier heights
@ at the SLG/SY interface between the Fermi level of SLG and the highest occu-
pied molecular orbital (HOMO) level of the SY channel layer (~5.3 eV) [22] to be
obtained (Figure 9(b)). As shown in the figure, the SLG/SY interface exhibited
strong gate-bias-induced ® modulation (A¢®) along the direction normal to the
SLG/SY interface; thatis, A® at Vi = +40 V was approximately 0.11 eV, leading to
the effective modulation of the device performance of the Gr-VOLET tested here.
Note that tunneling at the SLG/SY interface is the major process of hole injection,
being responsible for the radiative recombinations of electron-hole pairs. Thus, the
analysis of the tunneling process described above provides clear evidence that the
Gr-VOLET operates based on vertical barrier height modulation along the direction
normal to the SLG source surface (i.e., parallel to the direction of gate field), in
contrast to the CNT-VOLET devices based on lateral modulation of Schottky bar-
rier height along the horizontal direction on the CNT source surface (i.e., perpen-
dicular to the direction of gate field) [31, 32], and differently from conventional
graphene-based barristors that operate via modulation of the Schottky thermionic
injection [69, 70].

The observations above show the working principle of the Gr-VOLET, as
illustrated in the energy-level diagrams in Figure 10. At a given Vgp, a positive gate
voltage induces an upward shift of the SLG Fermi level in a direction that increases
the @, resulting in reduced hole tunneling injections into the HOMO level of the
channel layer (SY). In contrast, a negative gate voltage induces a downward shift of
the SLG Fermi level, decreasing @ significantly (enhancing tunneling) and hence
allowing increased hole injections and improved EL performance. Thus, together
with the band-bending effect [31], the main operating mechanism of the Gr-VOLET
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Energy-level diagrams of the Gr-VOLET for high (a) and low ®s (b) at two distinct values of Vg and a given
Visp. @ depicts the tunneling bavrier height for the hole injection. Ep: Fermi energy level of the SLG source used.

is energy band matching, with charge balance achieved even without a HIL through
gate voltage-induced modulation of the hole carrier tunneling injection at the
p-type doped SLG source with FeCls.

In addition, notable instances of hysteresis were clearly observed, as shown
above. Thus, bistable-like switching operations of a Gr-VOLET can allow novel
applications for simple and inexpensive driving schemes together with low power
consumption. However, this hysteresis effect may become an issue when attempt-
ing to realize high-quality grayscale outcomes and should be carefully, therefore,
controlled when preparing the dielectric layer.

3.4 Inkjet-printing arrays of Gr-VOLET micro-pixels

Next, we turn our attention to a micro-pixel fabrication process for the
Gr-VOLET using the inkjet-printing technique, as commonly used in solution-
processable OLEDs [39, 71, 72]. Here, the inkjet technique used is based on the
deposition of a small solvent drop onto an insulator layer, which can be easily
redissolved and preferentially redeposited at the edge of the sessile drop (the
contact line of the solvent drop), resulting in the formation of a via-hole with the
shape of a crater, that is inkjet-etching [39].

To investigate the in situ formation of micro Gr-VOLET pixels created by means
of inkjet-etching, an insulating polymer of poly(4-vinylpyridine) (P4VP) was
introduced as a via-forming material, as P4VP is a hydrophilic polymer that dis-
solves in dimethyl formamide (DMF), toluene, chloroform, in lower alcohols, and
in aqueous mineralic acids [71]. To fabricate a via-hole forming layer, a solution of
P4VP with isopropanol (IPA) was spin-coated on top of the light-emitting chan-
nel layer of SY pre-coated onto a Gr-VOLET substrate (VOLET substrate/SLG/
SY/PAVP). For micro-patterning, an etching solvent of chloroform for P4VP was
inkjet-printed on top of the SY/P4VP layers (Figure 11(a)). This inkjet-printed
solvent drop of chloroform can dissolve the PAVP layer, and the capillary flow of
the solvent pushes the dissolved P4VP from the center to the contact line of droplet
due to the coffee ring effect [39, 72-74], resulting the formation of the via-hole
through the PAVP layer. Thus, after the deposition of even a single solvent droplet
(~150 pL per droplet) on a 30-nm-thick P4VP film, the PAVP polymers are removed
from the printed position and completely etched, forming via-holes through the
P4VP layer, of which the inner and outer diameters are ~90 pm and ~120 pm,
respectively, and finally uncovering the surface of the underlying SY layer. These
P4VP via-holes on the light-emitting SY layer act as micro-patterned pixel openings
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( 1,3 Left: A photographic image of a single drop of solvent ejected from an inkjet nozzle for drop formation.
Right: Light emission from inkjet-printed Gr-VOLET pixels (white squares) for two different gate voltages
Vs, at a fixed Vsp = 4.0 V. (b) Gate-voltage (Vi)-dependent curvent density-voltage (Jsp-Vsp) (left) and
luminance-voltage (L-Vsp) (right) characteristics of the inkjet-printed Gr-VOLET pixels for various upward
Vi changes. (c) Fowler-Novdheim plots, In(Jsp/ Vsp®) vs. 1/ Vsp (left) and In(L/Vsp®) vs. 1/ Vsp (right) for the
inkjet-printed Gr-VOLET pixels at various Vg values.

for the light-emitting active areas of the Gr-VOLETs. Then, to complete the device
of an array of micro Gr-VOLETSs, the CsF/Al/Ag cathode is deposited following the
procedure described in Section 3.1.

Figure 11(a) also presents the switching behavior of EL light emissions from
the array of micro Gr-VOLET pixels for two different gate voltages, Vs, at a fixed
Vsp of 4.0 V. The photographic images show that only the isolated micro-patterned
micro-pixel areas in contact with the SY layer of the Gr-VOLET pixels can emit
EL light with a width of 85 pm, similar to the dimensions of the via-hole opening
(90 pm). Note that the different solubility characteristics between the P4VP and SY
polymers prevents any solvent erosion of the SY layer, as expected. As also clearly
shown in the figure, the EL light emission from the micro Gr-VOLET pixels with a
fixed droplet spacing of ~140 pm (~180 dpi) is highly bright (on-state) and dark
(off-state) over the entire active area of the pixels for negative (—40 V) and positive
values of Vg (+40 V), respectively. Hence, V; clearly controls the radiative recombi-
nation process in the emissive pixel areas.

Next, the output characteristics of the inkjet-printed Gr-VOLET pixels were
investigated. As shown in Figure 11(b), the Jsp-Vsp and L-Vgp characteristics
of the inkjet-printed Gr-VOLET pixels present features similar to those of the
spin-coated Gr-VOLET (Figure 7). For example, at Vi = —40 V, the luminance
reaches L ~ 1200 cd m™* with a current efficiency of ~5.0 cd/A at Vsp = 6.0 V
(Vonset = 3.0 V). In contrast, at Vg = +40 V, Jsp and L are greatly suppressed due
to the switching off effect of the injection of holes from the SLG source, result-
ing in a peak on/off ratio of L of approximately 10° at V;; = +40 V. Figure 11(c)
presents F-N plots of the micro Gr-VOLET pixels for various Vs. As also shown
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in the figure, the negative slopes of the F-N plots clearly confirm that tunneling
injection process is the major charge injection process for the light emission, being
responsible for radiative recombinations of electron-hole pairs in the inkjet-printed
Gr-VOLET pixels.

4, Conclusions

In summary, herein, graphene-based VOLETSs have been explored, consisting of
a nonporous, homogeneous, and p-doped SLG source with FeCl;, an Al drain, and
an emissive channel layer for efficient switching of the device performance using
the gate voltage. Initially, we investigated transferred CVD SLG, which was used as
the source electrode. It was found that the SLG used here was unintended p-doped
SLG, exhibiting a Dirac point energy of ~4.9 eV and a work function of 5.2 eV with
a shift of the Fermi level from the Dirac point and high hole mobility. It is shown
that the high device performance capabilities of SLG-based VOLETSs were mainly
due to the p-doping effects, which were estimated quantitatively and analyzed
based on the energy levels of the SLGs. It is also shown that low-drain-voltage
operations and increased brightness with a high luminance on/off ratio (~10*) can
be achieved even at high brightness for the Gr-VOLET without any HIL. Moreover,
the current efficiency and effective aperture ratio of the Gr-VOLET were at least
150% higher than those of a control OLED, with low parasitic power consumption
of 5%. These significant improvements of the device performance can be attrib-
uted to the gate-bias-induced modulation of the hole tunneling injection from the
FeCl;-doped SLG source into the emissive channel layer. Further, the feasibility of
the simple fabrication process of micro Gr-VOLET pixels, that is, the inkjet-printing
technique, was also proven.

The foregoing results demonstrate the notable device performance of the
Gr-VOLET with graphene source, indicating considerable promise with respect
to the development of high-performance VOLETs. The advances afforded by the
Gr-VOLET with reliable switching performance, even at high luminance levels,
clearly show its effective light-emitting transistor functionality and make it a
feasible candidate for development of new voltage-driving light-emitting devices
and/or highly integrated organic optoelectronics. Finally, it will be possible to apply
advanced material layers to these Gr-VOLETSs, which could lead to more efficient
devices that operate even at low voltage levels, enabling the development of inex-
pensive, large-area, fast, and high-performance AM displays. Further improve-
ments and characterizations are in progress and will be published elsewhere.
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Abstract

This chapter provides an overview of tetradentate platinum (II) emitters as a
promising class of metal-organic phosphorescent dopants for organic light-emitting
diodes (OLEDs). Tetradentate platinum (II) emitters showing blue, green, and
red light emissions, which are essential for full color displays as well as white light
emission, are reviewed and discussed in the context of molecular design and pho-
tophysical and electroluminescent properties. Emphasis is placed on the molecular
structures, the nature of emissive excited states [including ligand-centered (LC),
intra-ligand charge transfer (ILCT), metal-to-ligand charge transfer (MLCT), and
excimeric and oligomeric metal-metal-to-ligand charge transfer (MMLCT)], the
intermolecular interactions impacting photophysical attributes (e.g., emission ener-
gies, quantum yields, and decay times), and OLED device performances.

Keywords: organic light-emitting diodes, metal complexes, platinum,
phosphorescence, high efficiency, operational lifetime

1. Introduction

Organic light-emitting diodes (OLEDs) are solid-state devices based on organic
films sandwiched between two electrodes that convert electricity to luminous
energy. Since the pioneering work of electroluminescence (EL) in 1987 [1], OLEDs
have been attracting considerable attention because of their light weight, low
driving voltage, low power consumption, fast response speed, and high frame rate
for displays, making them suitable for various applications [2-5], e.g., wearable
devices, virtual reality (VR), smart homes and cities, and imaging and sensing
applications. Currently, products with OLED displays are found in several fields,
ranging from micro-displays to TV applications, and notably in smartphones and
personal computers.

Figure 1 shows the typical structure of an OLED device, including a number
of thin layers, which individually facilitate charge transfer or light emission [6-9].
During operation, when a suitable voltage is applied, electrons are injected into

163 IntechOpen



Liquid Crystals and Display Technology

©
-~ oo

EM

@ @ o ETL

Anode & EiL

® ®
@

HIL

Cathode

Figure 1.
Structure of an OLED device.

the electron transporting layer (ETL) from the metal cathode, which generally

has a low work function (e.g., Al or Ag). To facilitate this process, a 0.5- to 1.0-nm
thick electron injection layer (EIL) of LiF or CsF is usually deposited between the
cathode and the ETL. Electrons migrate by hopping toward the anode. Meanwhile,
holes are injected from the anode, which usually consists of a metal oxide mixture
of SnO, (10%) and In,0; (90%), namely, indium tin oxide (ITO). Following the
anode, a hole injection layer (HIL) and a hole transporting layer (HTL) are typically
required to promote hole transfer into the emission layer (EML), which includes
the host matrix and dopant. Ideally, the recombination of electrons and holes takes
place in the EML, subsequently populating the excited states that generate light
emission. Obviously, the electron current must be well balanced with the hole
current to avoid ohmic loss, which can be minimized by employing a hole blocking
layer (HBL) between the ETL and EML and/or an electron blocking layer (EBL)
between the HTL and EML. These blocking layers prevent the holes and electrons
from leaving the EML without recombination. In addition, each layer requires
materials with suitable highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels. The development of auxiliary
OLED materials (e.g., materials for the HTL, ETL, HBL, and EBL) has been the
subject of previous reviews and is not discussed in this chapter [10-13].

As described above, the electrons and holes recombine and form neutral
excitons in the EML. According to spin statistics, the recombination will populate
singlet and triplet excited states in a ratio of 1:3, meaning that 75% of the electri-
cally excited states are triplet states [14]. Pure organic molecules usually do not
show spin-forbidden triplet emission (i.e., phosphorescence) at room temperature
[15, 16], and normally only the singlet exciton is emissive, resulting in limited quan-
tum efficiency, which presents a challenge for improving the efficiency of OLED
devices. In 1998, the first successful applications of organometallic complexes as
emissive dopant material in electroluminescent devices to generate phosphores-
cence were independently reported by Ma and Che [17] as well as Thompson and
Forrest [18]. This revolutionary appraoch offers a viable means for the maximum
use of electically generated excitons for electroluminescence and allowed a sub-
stantial leap forward in OLED performance. Since then, there has been increasing
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interest in the design and synthesis of new phosphorescent metal complexes,
particularly those of Ru(II), Ir(III), and Pt(II), as OLED dopants [19-22].

2. Platinum(II) complexes as phosphorescent OLED dopants

Phosphorescent metal complexes remain mainstream OLED emitters, because
relative to pure organic fluorophores, they can more efficiently harvest excitons for
light emission. Phosphorescent metal complexes typically possess a transition metal
ion with a high atomic number, e.g., Ru(II), Ir(III), or Pt(II), that can induce strong
spin-orbit coupling (SOC), giving rise to ultrafast intersystem crossing (ISC) from
the singlet to triplet states and promoting spin-forbidden triplet radiative decay.

This triplet harvesting mechanism theoretically enables complete utilization of the
excitons generated by electron-hole recombination for light emission, leading to a
much higher efficiency and luminance. Reasonable phosphorescent metal OLED
emitters should exhibit the following traits: (i) high phosphorescent quantum yields
(i.e., >70%) when doped in a solid matrix, (ii) tunable emission color covering the
blue, green, and red spectral regions (essential for full color displays), and (iii)
superior thermal, chemical, and electrochemical stabilities for vacuum deposition
and operation. The plethora of literature examples demonstrated that phosphors
based on Ir(III) and Pt(II) can meet these requirements and generally outperform
other metal phosphors [20-22]. In the past two decades, extensive research efforts
on OLED emitters have been devoted to the development of phosphorescent Ir (III)
and Pt(II) complexes and to investigations of their photophysical, electrochemical,
and electroluminescent characteristics.

Phosphorescent Pt(II) complexes are noted for their desirable photophysical
properties; they have a square planar coordination geometry, are coordinatively
unsaturated, and exhibit diverse highly emissive excited states, including ligand-
centered (LC), intra-ligand charge transfer (ILCT), ligand-to-ligand charge transfer
(LLCT), metal-to-ligand charge transfer (MLCT), and excimeric and oligomeric
metal-metal-to-ligand charge transfer (MMLCT) states [21, 22]. Tailoring the
emission attributes (i.e., energy, quantum yield, lifetime, and radiative and non-
radiative decay rate constants) to suit specific OLED applications can be achieved by
the rational design of ligands, which allows regulation of (i) the energy levels of the
metal d orbitals, the = and n* orbitals of the ligands, and subsequently the composi-
tion of the frontier molecular orbitals, excited-state dynamics, and the nature of the
emissive excited state and (ii) the intermolecular interactions that can contribute
to emission from an aggregated state and/or emission quenching. As is the case for
all phosphorescent OLED emitters, engineering the emissive excited state of Pt(II)
emitters with high metal character to keep the emission lifetime short is important,
since saturation of electroluminescence, severe efficiency roll-off at high luminance,
and poor operational stability could otherwise result.

The planar coordination geometry renders platinum(II) complexes susceptible
to self-assembly in ground and/or excited states through intermolecular ligand n-n
and/or Pt-Pt interactions. This intrinsic property usually leads to a considerable
redshift in the absorption and emission energies attributed to the generation of
the low-energy emissive MMLCT excited states with enhanced radiative decay rate
constants [21, 22], which could be harnessed to provide unique access to long-range
ordered luminescent supramolecular structures, non-doped NIR OLEDs, and
single-doped white OLEDs (WOLEDs). Nevertheless, this aggregation behavior
could be unfavorable for applications in RGB OLED panels, especially when the
Pt(II) emitters are doped at high concentrations, due to the possible occurrence
of aggregate emission, triplet-triplet annihilation (TTA) and aggregation-caused
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quenching (ACQ). Therefore, the appropriate management of intermolecular
interactions/aggregation by modulating the 3D morphology and electromagnetic
properties of the complexes is crucial in the molecular design of Pt(II) emitters for
specific OLED applications in order to achieve optimum device performances (i.e.,
high color purity, device efficiency, and long operational lifetime).

In the context of ligand architecture, the employment of tetradentate ligands in
the design of platinum(II) emitters has clear advantages in terms of both chemical
and thermal stabilities and luminescent efficiency compared to their bidentate
and tridentate ligand counterparts. Tetradentate ligands provide a more stable
scaffold for the coordination of platinum by offering the strong chelation effect,
which could suppress ligand dissociation and demetalation. In addition, the rigid
tetradentate ligand framework could largely restrict the excited-state metal-ligand
structural distortion that in turn facilitates radiative deactivation of the emissive
excited state, boosting the emission quantum yield of the Pt(II) emitter.

This chapter aims to provide an overview of mononuclear Pt(II) emitters
containing tetradentate ligands reported in the literature. To keep the chapter to a
reasonable size, we restrict our discussions to several selected classes of tetradentate
platinum(II) emitters and apologize to the contributors to this field whose contri-
butions are not mentioned herein.

3. Tetradentate platinum(II) emitters
3.1 Platinum(II) porphyrin complexes

The first photophysical studies of Pt(II) porphyrins were reported in the early
1970s and were triggered by the physicochemical relevance of metalloporphyrins
such as chlorophyll, haem, and vitamin B12, which serve key biological functions
[23]. This class of complexes is known for their high stability against heat, sol-
vents, and extreme pH as a result of the strong coordination of Pt(II) ions in rigid
porphyrin scaffolds. Pt(II) porphyrins exhibit intense absorptions in the visible
region, and their electronic spectra are characterized by a Soret band at approxi-
mately 400 nm and two Q bands between 500 and 600 nm, which are attributed
to porphyrin-centered 'n-n* electronic transitions. The triplet formation yields for
Pt(II) porphyrins were reported to be close to unity due to an ultrafast intersystem
crossing process that occurs on a sub-ps time scale [24]. These complexes typically
display strong saturated red to near infrared (NIR) phosphorescence, depending on
the structures of macrocycles, with long decay times of tens of microseconds under
anaerobic conditions because the emissive excited state is essentially 3LC Cr, ) in
nature localized in the porphyrin ligand. For this reason, the emission properties
can be rationally tuned by modifying the porphyrin ligands.

In 1998, Thompson and Forest reported the first use of a Pt(II) porphyrin
complex, Pt-1, in electrophosphorescent devices (Figure 2) [18], which generated
saturated red EL emission at 650 nm with a peak internal quantum efficiency (IQE)
of 23%. Since then, the development of Pt(II) porphyrin complexes as phosphores-
cent emitters has attracted considerable interest [25-27].

Che et al. found that with the introduction of electron-deficient pentafluo-
rophenyl rings at the meso positions of the porphyrin scaffold, Pt-2 exhibited
superior stability against oxidative degradation relative to that of the parental
complex [Pt(TPP)] (TPP = 5,10,15,20-tetraphenylporphyrinato) (Figure2)

[28]. Saturated red (Amax = 647 nm) porphyrin-centered phosphorescence with a
long lifetime (T = 60 ps) was observed for Pt-2 in CH,Cl, at room temperature.
Saturated red OLED devices with different doping concentrations of Pt-2 have
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Figure 2.
Chemical structures of platinum (1) porphyrin complexes Pt-1-8.

been characterized. The EL spectra showed emission maxima at 655 nm, similar
to that of the photoluminescent (PL) spectrum. At low driving voltages, emis-
sion from the host was not detected, indicating nearly complete energy transfer
from the host. When a high voltage was applied, a blue emission from the host
was observed, and its intensity increased with the driving voltage, which could be
attributed to the saturation effect due to the long emission decay time of Pt-2. The
efficiency increased until the dopant ratio reached 8% but decreased when the ratio
was increased beyond 8%, which was rationalized by intermolecular quenching
processes due to the high density of triplet excitons.

Wang and co-workers designed a group of platinum(II) porphyrin dendrimers
(Pt-3-5) [29] with different alkyl chain lengths to adjust the distance between
the Pt porphyrin core (the emissive center) and side carbazole groups (hole- and
energy-transfer fragments) (Figure 2) and systematically investigated intra- and
intermolecular energy-transfer mechanisms. In solution, both fluorescence at
357 nm from the carbazole moieties and phosphorescence at 660 nm from the Pt(II)
porphyrin core were observed. The carbazole emission disappeared when doped
in a solid matrix, indicating an efficient energy-transfer process. Intramolecular
energy-transfer was facilitated by reducing the distance between the emitting core
and the side carbazole groups. Solution-processed EL devices based on Pt-3 were
fabricated with a structure of [ITO/poly(styrenesulfonate)-doped poly(3,4-ethyle
nedioxythiophene)/Pt-3/2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)/
tris-(8-hydroxyquinoline)aluminum (Alq;)/Ca/Al] to evaluate the optoelectronic
properties. Bright phosphorescence (600 cd/m”) with emission maxima at 540, 590,
660, and 720 nm was observed. The strong vibronic emission peaked at 660 was
attributed to phosphorescence from the Pt(II) porphyrin cores, while the minor
high-energy emission bands at 540 and 590 nm were suggested to be derived from
thermally populated triplet states (“hot bands™) or singlet states generated by TTA.
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The data from devices prepared by spin coating these dendrimers as the non-doped
emissive layer are better than those of small molecule Pt(II) porphyrin analogs.

The emission of platinum(II) porphyrin complexes can be further shifted to the
NIR region by extending the © conjugation of the porphyrin ligand [30]. Schanze
and co-workers developed a series of NIR-emitting platinum(II) di- and tetra-
substituted benzoporphyrin complexes, Pt-6-8 (Figure 2), to investigate structure-
property relationships and the link between photophysical parameters and OLED
performances. The photophysical parameters are listed in Table 1. Although the
di-substituted porphyrin complex gives a higher ®p;, (0.49) and longer ey, (53.0 ps)
than the tetra-substituted complexes (®p, = 0.33-0.35; Tepy = 29.9-32.0 ps) in solu-
tion, the same trend does not hold in solid matrices, in which the emission lifetimes
of Pt-6-8 are comparable (45.7-57.5 ps). The EQEs of all the devices (8.0-9.2%)
were similar. Consequently, the authors concluded that (i) the major non-radiative
decays are associated with out-of-plane distortion of the porphyrin ligands, (ii) the
rigid polymer matrix could help suppress the enhanced non-radiative decay of the
more distorted complexes (Pt-6 and Pt-7) in solid matrices, and (iii) the perfor-
mance of platinum(II) benzoporphyrin-based OLEDs was observed to strongly
correlate with the emission lifetime in the solid matrix.

Pt(II) porphyrins as OLED emitters generally exhibit high thermal stability and
outstanding performance in saturated red and NIR devices in terms of color purity
and EL efficiencies attributed to their narrow emission band and high emission
quantum yields. Nevertheless, the practical interest of this class of Pt(II) emitters is
limited by the long emission decay times, which would result in substantial efficiency
loss at higher luminance. It is hypothesized that careful device design and the use
of appropriate auxiliary materials to mitigate TTA, e.g., by using a double host to
broaden the recombination zone, could be a strategy for improving the practicality of
these materials.

3.2 Platinum(II) complexes supported by dianionic N,0, ligands
3.2.1 Ligand systems and photophysical properties

Using “one-metal-one-ligand” approach to construct a stable luminescent plati-
num material, Che and co-workers developed the first non-porphyrin tetradentate
aromatic N,O, chelates, Pt-9 and Pt-10 (Figure 3), in 2003 [31]. The photophysical
data of Pt-9-12 are summarized in Table 2. These aromatic diimine-based Pt(II)
complexes exhibit intense absorption bands at A < 375 nm, which are attributed to

Complex @py toluene Tem (1s) toluene Tem (1S) Amax EL (nm) Max EQE (%)
film

Pt-1 0.42 80.5 91.0° 650 4.0
Pt-2 0.09° 60.0° — 655 —c
Pt-6 0.35 299 457 773 80:05
Pt-7 033 32.0 49.8¢ 773 92:06
Pt-8 0.49 53.0 575¢ 777 78+0.5

“In polystyrene.

YIn CH,Cl,.

‘Max PE = 0.90 lm W™,

“In PVK:PBD.

Table 1.

Photophysical and OLED performance data for Pt-1, Pt-2, and Pt-6-8.
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Figure 3.
Chemical structuves of the platinum (II) complexes supported by dianionic N,O, ligands, Pt-9-12.

Emission
Complex UV-Vis absorption in CH,Cl,, A,s (nm) (298 K) Aem Tem (1S) Dp;,
(g, x10* mol *dm’cm™) (nm)
Pt-9 291 (3.92), 315 (340), 325 (3.23), 352 (2.58), 375 (2.47), 586 53 0.60
420 (0.52), 488 (sh, 0.67), 504 (0.72)
Pt-10 253 (4.10), 313 (1.84), 397 (0.840), 479 (0.294), 504 (sh, 595 19 0.12
0.252)
Pt-11 319 (1.31), 344 (1.67), 420 (0.58), 440 (0.54) 542 37 0.27
Pt-12 253 (4.16), 318 (2.49), 366 (3.61), 382 (3.41), 462 (0.93), 618 36 0.20

503 (sh, 0.86), 535 (0.99)

Table 2.
Photophysical data of Pt-9-12.

ligand-centered 'z-n* transitions. The low-energy absorptions between 400 and
500 nm are assigned to the 'ILCT transition (L — 7%, L = lone pair/phenoxide)
mixed with '"MLCT [dr — n*(diimine)] character. Pt-9 and Pt-10 display strong
orange-red phosphorescence in CH,Cl, at 298 K with Ay, values of 586 and 595 nm,
respectively. The emission lifetimes and quantum yields are 5.3 ps and 0.6 for Pt-9
and 1.9 ps and 0.1 for Pt-10. Owing to the "MLCT/’ILCT nature of the emissive
state, the emission lifetimes of Pt-9 and Pt-10 are significantly shorter than those
of the aforementioned platinum(II) porphyrin complexes.

Schiff base ligands constitute another important class of N,O, systems. The fac-
ile synthesis of Schiff base ligands, which can be prepared via one-pot multi-gram
scale condensation reactions between substituted salicylic aldehydes and alkyl/
aryl diamines, makes them an attractive ligand system for use in the synthesis of
Pt(II) emitters. To elucidate structure-property relationships, Che and co-workers
conducted a detailed investigation of a panel of Pt(II) Schiff base complexes
with alkylene and arylene bridges (e.g., Pt-11 and Pt-12; Figure 3) [32, 33]. The
photophysical parameters are listed in Table 2. Similar to Pt-9 and Pt-10, the
absorption bands at A < 400 nm are dominated by ligand-based 'n-n* transitions,
while those at A > 400 nm are attributed to 'MLCT and 'ILCT [L — =*] transitions.
Pt-11, bearing a (tetramethyl)ethylene bridge, shows yellow-green emissions
(Aem = 541-546 nm) in solution with t., values of 3.4-3.9 ps and @p;, values of
0.18-0.27. When the nonconjugated bridge was replaced with a conjugated phen-
ylene unit, as in Pt-12, a significant redshift in the emission Ap,x to 608-628 nm in

169



Liquid Crystals and Display Technology

various solvents with 7., values of 1.4-3.6 pus and ®p, of 0.10-0.26 was observed.

In addition, the emission color can be finely tuned by attaching electron-donating
or electron-withdrawing substituent(s) to the phenolate moieties of Schiff base
ligands. The emission of these complexes displays moderate solvatochromic shift,
and the emissive states were assigned to have mixed 3ILCT [L - n*(diimine)] and
>MLCT [d — =*(diimine)] characters. This assignment was further corroborated by
the intermediate magnitude of their total zero-field spitting (ZFS) values between
14 and 28 cm ™. These ZFS values lie between those of conventional Ru(II), Os(II),
and Ir(I1I) MLCT emitters (60-170 cm™) and those of Pd(II) and Rh(III) 3L

emitters with ZFS < 1 cm™.

3.2.2 Chemical and thermal stability

Platinum(II) N,O, complexes are generally stable in the solid state under
ambient conditions. When dissolved in solution and exposed to light and air, Pt-9
and Pt-10 gradually decompose. By contrast, all Schiff base complexes are stable
in common organic solvents such as EtOH, 2-propanol, DMSO, and CH;CN under
ambient conditions. All platinum(II) N,O, complexes exhibit high thermal stability
as assessed by thermal gravimetric analysis; Pt-9 and Pt-10 are stable up to 440 and
530°C, respectively. The decomposition temperatures of Pt(II) Schiff base com-
plexes, including Pt-11 and Pt-12, are in the range of 315-495°C. The introduction
of —CHj, t-Bu, or -F to the phenoxide moieties positively influenced the thermal
stability of Pt(II) Schiff base complexes.

3.2.3 Electroluminescent properties

Devices with bis(2-(2-hydroxyphenyl) pyridine)beryllium (Bepp,) as the host
and Pt-9 or Pt-10 dopant as the emitting layer were fabricated: [ITO/N,N’-di(a-
naphthyl)-N,N-diphenyl-(1,1-biphenyl)-4,4-diamine (NPB, 30 nm)/Bepp,:Pt-9
(or Pt-10) (30 nm)/LiF (0.5 nm)/Al (250 nm)]. All of the devices exhibited
turn-on voltages ranging from 5 to 7 V, with yellow to yellow-green emissions.
Pt-10 showed a maximum luminance and power efficiency of 9330 cd m™ (at
330 mA cm™?) and 1.44 Im W™ (at 40 mA cm™2), respectively. Notably, although
Pt-9 exhibited a much higher emission quantum yield than Pt-10 in solution,
the EL performance of the former was inferior to that of the latter, which was
attributed to the strong intermolecular quenching processes in Pt-9. Therefore,
the bulky ¢-Bu groups in Pt-10 are thought to play a vital role in suppressing
intermolecular interactions.

The EL properties of platinum(II) Schiff base complexes were investi-
gated. Figure 4 shows two additional complexes, Pt-13 and Pt-14 [33, 34],
discussed below, together with Pt-11 and Pt-12. The EL spectra of devices with
4,4'-bis(carbazol-9-yl)biphenyl (CBP) as the host closely matched the cor-
responding PL spectra, suggesting that the EL originated from the same triplet
excited states. The best device performances were obtained with dopant concen-
trations ranging from 1.5 to 4.5 wt%. At low dopant concentrations (<5.0 wt%),
the devices exhibited yellow-green emission, and the efficiency was improved
with increasing dopant concentrations. Additionally, the profile of the emission
spectra remained unchanged. With doping concentration >5 wt%, the current
efficiency (CE) was found to decrease, and the emission color changed due to the
formation of excimers or aggregates. A maximum luminance of 9370 cd m™* was
achieved by optimizing the dopant concentration to 3 wt%. Notably, devices with
simple structures, with Bepp; as the host and Pt-13 as the dopant, can generate
white emission, and the maximum luminance reached 3045 cd m™> Additionally,
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Figure 4.
Chemical structuves of platinum (II) Schiff base complexes Pt-13 and Pt-14.

the CIE coordinates of (0.33, 0.35) are close to those of white light (0.33, 0.33).
Unlike Pt-13, no aggregate or excimer formation was observed for devices with
6.0 wt% of Pt-11, presumably due to the steric bulk of the (tetramethyl)ethylene
bridges. Consequently, the performance of Pt-11 was superior to that of Pt-

13, with current and power efficiencies and luminance values up to 31 cd A™",

14 lm W, and 23,000 cd m ™, respectively, which are comparable to those of
tris-cyclometalated iridium(III) complexes.

For red light-emitting materials, Pt-12 achieved a current efficiency of 10.8 cd
A" and an operational lifetime of 20,000 h at 100 cd m™2. To suppress the inter-
molecular interactions as well as further optimize EL performance, a norbornene-
based platinum(II) Schiff base complex, Pt-14 (Figure 4) [34], was prepared.
Sterically hindered norbornene moieties are highly effective in mitigating emission
self-quenching. At a luminance of 1000 cd m %, Pt-14 showed a current efficiency
approximately 50% higher than that of Pt-12 with the same device structure. In
addition, the efficiency roll-off was reduced by 35%, benefiting from the lower self-
quenching rate constant. By incorporating a wide bandgap iridium(III) complex as
a co-dopant, high current and power efficiencies of 20.43 cd A™' and 18.33 Im W,
respectively, were realized. In addition, the current efficiency could be maintained
at 14.69 cd A" at a high luminance (1000 cd m™?). More importantly, an opera-
tional lifetime of 18,000 h was realized at an initial luminance of 1000 cd m~2,
demonstrating that platinum(II) Schiff base complexes are promising red emitters
for OLED displays.

Ease of synthesis, relatively short emission lifetime, high thermal stability, and
decent emission quantum yield are traits that make platinum(II) N,O, emitters
attractive phosphorescent dopants, particularly for red OLEDs. Further research
efforts in assessing and optimizing their operational stability in devices are
anticipated.

3.3 Platinum(II) complexes supported by cyclometalated ligands

Incorporating anionic C-donor unit(s) into chromophoric ligands has been rec-
ognized as an effective strategy to enhance the luminescence of d° and d® transition
metal complexes [35]. The same principle generally holds for tetradentate Pt(II)
emitters. The tetradentate cyclometalated Pt(II) emitters reported in the literature
typically feature high phosphorescence quantum yields of up to unity, which could
be attributed to the following combined effects: (i) the rigid tetradentate ligand
scaffold may help suppress excited-state structural distortion, thereby disfavoring
non-radiative deactivation of the emissive excited state, (ii) the strongly 6-donating
carbanion may destabilize the antibonding Pt 5dy;.y, orbitals to a great extent, thus
reducing the quenching of emissive states via the °d-d state, and (iii) the carbanion
donor atom may also increase the metal character (e.g., 3MLCT) and hence the
radiative decay rate of the emissive excited states.
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3.3.1 Pt(11) emitters with [ONN"CN] ligands

In 2013, Che et al. developed the first phosphorescent platinum(II) complexes
supported by tetradentate [O*N~C~N] ligands for white OLED and polymer
organic light-emitting diode (PLED) applications [36]. These complexes were
found to possess desirable physical properties as OLED emitters including high
thermal stability with Ty > 400°C and ease of sublimation for vacuum deposition.
Several follow-up studies on this family of Pt(II) emitters for high-efficiency
OLEDs have been reported by the same group [22, 37-39].

3.3.1.1 Molecular design strategies

In general, for monochromic blue to yellow OLEDs, emission from mono-
meric Pt(II) complexes should be dominant, and aggregate emission should be
minimized for achieving a high color purity (Figure 5). Early works showed
that platinum(II) [OA"N~C~N] complexes are prone to excimeric emission at
elevated concentration. In attempts to address the excimer issues for realizing
monchromic green and yellow OLEDs, Che and co-workers proposed a strategy
to bolster the 3D configuration of the moelcular strucutre of the complexes
to supress the intermolecular interactions via the introduction of rigid and
bulky substituents, such as t-Bu groups and a norbornene moiety, to the ligand
periphery, and the incorporation of bridging tertiary arylamine units or biphe-
nyl groups with spiro linkages to the ligand frameworks. These modifications
were found to effectively disfavor intermolecular interactions, evident by the
diminished emission self-quenching and excimeric emissions in solution and in
thin film at high concentrations. In addition, the corresponding devices showed
improved device efficiencies and diminished efficiency roll-offs. Additionally,
Pt(II) [OAN~CAN] emitters bearing a cross-shaped molecular structure (i.e., a
spiro linkage) may also cause molecular entanglement in the amorphous state,
which help prevent recrystallization of the emissive layer and prolong opera-
tional lifetimes.

Through deliberate molecular design and variations in the doping concentra-
tion, the extent of intermolecular interactions and aggregations of platinum (II)
[OAN~C~N] emitters could be controlled and manipulated for red and NIR as
well as white OLED applications based on aggregation and monomer/aggregation
emissions, respectively (Figure 5). Instead of tuning the 3D configuration to limit
intermolecular interactions, for these applications, adopting a relatively planar
ligand scaffold and introducing fluorine substituent(s) at specific position(s),

WOLEDs

Monomer and
Aggregation emission

{ Aggregation emission

Monomer emission -N \ Red to NIR
Blue toyellow \ / OLEDs
OLEDs \
N

Figures.
Molecular design strategies for various OLED applications.
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which favor intermolecular n-7 and/or Pt-Pt interactions for low-energy aggregate
emission from the excited states of dimers or oligomers, are preferred.

3.3.1.2 Photophysical properties and OLEDs based on monomer emission

The cyclometalated [O~N~CAN] ligand system is useful for the construc-
tion of robust and highly efficient Pt(II) emitters. Che et al. developed a panel of
platinum(II) [OAN~C~N] emitters, i.e., Pt-15-Pt-20 (Figure 6) [39], and system-
atically investigated their photophysical and electroluminescent properties, which
are summarized in Tables 3 and 4.

The intense absorption bands of Pt-15-20 at <300 nm are assigned to intra-
ligand n-n* transitions, and the moderately intense bands at 430-450 nm with weak
absorption at >460 nm are assigned to transitions with mixed MLCT and ILCT
character. In degassed CH,Cl, solutions, complexes Pt-15-18 exhibit strong green
to yellow luminescence (Aey = 522-570 nm) with emission quantum yields and
lifetimes in the range of 0.23-0.95 and 2.3-5.5 ps, respectively. With an additional
t-Bu group at the ortho-position of the phenolate unit, Pt-18 shows a much lower
emission quantum yield (0.23) than Pt-15-Pt-17 (0.77-0.95), indicating that the
free rotation of this t-Bu group contributes to the increased non-radiative decay
of the emissive state. Congeners Pt-19 and Pt-20, with 6-5-6 metallacycles, are
also highly efficient yellow (Aer = 551 nm) and green (Aem = 517 nm) phosphors,
respectively. Their solution emission quantum yields (>0.80) and lifetimes (<5.1 ps)
are similar to those of Pt-15-17. Femtosecond time-resolved fluorescence (fs-TRF)
measurements suggested that Pt-19 and Pt-20 undergo an ultrafast intersystem
crossing process with time constants of 0.44 and 0.15 ps, respectively. The emission
origin for Pt-15-20 was assigned to excited states with mixed *MLCT and *[L — 1*]
characters. Notably, Pt-17-Pt-20 do not display excimer emissions in CH,Cl, even at
high concentrations (1.0 x 10~* M), while Pt-15 and Pt-16 showed excimer emis-
sions as a low-energy band (ca. 650 nm) under the same conditions. This finding
suggests that the incorporation of a bridging tertiary amine or a spiro-fluorene link-
age in the ligand framework would be as effective in suppressing the intermolecular
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Figure 6.
Chemical structures of platinum (II) complexes Pt-15-20.
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Emission
Complex UV-Vis absorption in CH,Cl,, A,ps (nm) Aem (nM) Tem (HS) Dpy,
(&, x10* mol "dm’cm™)
Pt-15 282 (4.5), 304 (sh, 3.3), 336 (sh, 1.8), 372 (1.9), 400 522 4.0 0.77
(sh, 1.1), 430 (sh, 0.8)
Pt-16 283 (4.4), 298 (sh, 3.7), 362 (sh, 1.6), 373 (1.7), 400 522 4.0 0.77
(sh, 1.0), 435 (sh, 0.69)
Pt-17 286 (4.4), 303 (sh, 3.2), 265 (sh, 1.5), 376 (1.8), 405 543 5.5 0.95
(sh, 0.98), 440 (sh, 0.75)
Pt-18 261 (5.1), 288 (5.4), 361 (sh, 1.5), 376 (2.2), 410 (sh, 570 23 0.23
1.2), 450 (sh, 0.85)
Pt-19 262 (4.4), 295 (sh, 3.5), 330 (2.2), 370 (sh, 1.1), 450 551 43 0.90
(sh, 0.27), 481 (sh, 0.21)
Pt-20 261 (sh, 5.0), 279 (5.4), 301 (sh, 3.6), 329 (1.8), 356 517 51 0.80

(1.7), 393 (0.72), 431 (sh, 0.38)

Table 3.
Photophysical data of Pt-15-Pt-20.

interactions/aggregation as introducing multiple bulky t-Bu substituents at the
ligand periphery.

The EL properties of Pt-15-Pt-18 were investigated in OLEDs based on the
device structure [ITO/MoO; (5 nm)/di-[4-(N,N-ditolylamino)-phenyl]cyclohexane
(TAPC, 50 nm)/4,4’,4"-tris(carbazole-9-yl)triphenylamine (TCTA):platinum
complex (10 nm)/1,3,5-tri(m-pyrid-3-yl-phenyl) (TmPyPB, 50 nm)/LiF (1.2 nm)/
Al (150 nm)], in which the emission layer was doped with Pt-15-18 at different
concentrations. The EL performance data are summarized in Table 4. At low dop-
ing concentrations, the EL spectra of all devices matched well with the correspond-
ing solution-phase monomer emissions. With increasing dopant concentrations,
aggregation emission was observed for Pt-15-Pt-17. Notably, aggregation emission
was not observed for Pt-18, even at a high doping concentration of 15 wt%, reveal-
ing that the self-aggregation of Pt-18 in EML is negligible. At an optimized doping
concentration of 10 wt%, Pt-18 achieved a maximum EQE of 27.1%, and this value
dropped to 16.8% at a luminance of 10,000 cd m™2.

The EL properties of Pt-19 and Pt-20 were studied in a device with the structure
[ITO/MoO; (5 nm)/TAPC (50 nm)/TCTA:platinum(II) complex (10 nm)/TmPyPB
or 2,4,6-tris(3- (3- (pyridin-3-yl) phenyl) phenyl)-1,3,5-triazine (Tm3PyBPZ, 50 nm)/
LiF (1.2 nm)/Al (150 nm)] in which the doping concentration of the complexes ranged
from 2 to 30 wt%. Similar to Pt-15-Pt-18, at a low doping concentration of 2 wt%, the
emissions of both complexes are identical to the corresponding monomer emissions
in solution. Increasing the doping concentration to 30 wt% caused a slight redshift
for the Pt-19-based device, whereas only monomer emission was observed for Pt-20
at the same doping level. This phenomenon could be rationalized by Pt-19 to be more
prone to undergo intermolecular interactions than those of Pt-20. In TmPyPB devices,
amaximum EQE of 276%, CE of 104.2 cd A%, and PE of 109.4 Im W~ have been
achieved with 10 wt% Pt-20, and a maximum EQE of 26.0%, CE of 100.0 cd A™, and
PE of 105.5 Im W™ were achieved with Pt-19 under the same conditions. At a high
luminance (10,000 cd m ™), the EQE of the devices based on Pt-19 (30 wt%) or Pt-20
(10 wt%) remained above 20%. To further optimize the PE of the OLEDs, TmPyPB
was replaced with Tm3PyBPZ as the ETL. In Tm3PyBPZ devices, the driving voltage
was significantly decreased. Consequently, the maximum PEs were improved to 118
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PE (ImW™) CE(cdA™?) EQE (%)
Complex Max. At Max. At Max. At CIE
(wt%)? 10* cd m™ 10* cd m™ 10* cd m™> x,y)
Pt-15 (2) 92.0 218 83.4 55.0 24.4 16.4 (0.32,
0.63)
Pt-15 (6) 252 52 255 16.4 135 86 (0.48,
0.50)
Pt-15 (12) 6.7 13 111 53 10.9 52 (0.60,
0.40)
Pt-16 (4) 615 10.5 68.3 314 197 86 (0.34,
0.62)
Pt-16 (8) 60.0 16.8 75.0 466 206 131 (0.35,
0.62)
Pt-16 (16) 486 16.1 51.0 434 204 171 (042,
0.56)
Pt-17 (2) 98.1 20.0 937 46.0 238 11.2 (0.39,
0.60)
Pt-17 (10) 94.3 321 90.0 68.1 24.8 1838 (0.39,
0.60)
Pt-17 (15) 65.3 232 727 51.2 218 154 (0.40,
0.58)
Pt-18 (4) 82.1 74 86.1 2238 2.7 6.6 (041,
0.57)
Pt-18 (10) 86.4 265 100.5 62.8 271 16.8 (041,
0.57)
Pt-18 (16) 91.0 326 94.0 738 263 191 (043,
0.56)
Pt-19 (2) 1033 128 96.3 402 257 11.4 (0.42,
0.57)
Pt-19 (10) 105.5 206 100.0 55.4 26.0 14.4 (044,
0.55)
Pt-19 (16) 101.3 277 96.8 70.4 257 187 (045,
0.54)
Pt-19 (30) 80.7 278 825 68.4 24.8 20.5 (0.47,
0.52)
Pt-20 (2) 996 126 91.7 347 24.9 9.59 (0.29,
0.64)
Pt-20 (6) 106.7 311 1011 731 269 191 (0.31,
0.64)
Pt-20 (10) 109.4 24.7 104.2 79.2 276 20.0 (0.31,
0.64)
Pt-20 (30) 95.7 284 90.0 66.9 24.0 179 (0.33,
0.63)
Pt-19 118.0 225 943 48.0 25.3 125 (044,
(10)® 0.55)
Pt-20 126.0 24.4 98.8 52.0 264 136 (0.31,
(10)® 0.63)

“TmPyPB is used as the ETL.
"Tm3PyBPZ is used as the ETL.

Table 4.

OLED performance data for Pt-15-Pt-20.
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and 126 Im W™ for the devices with Pt-19 and Pt-20 as dopants, respectively, and
these values are comparable to those of the best iridium(III) OLED devices without
out-coupling enhancement.

3.3.1.3 Aggregation-induced red and NIR OLEDs

The emission of Pt(IT) complexes in aggregation forms is dramatically redshifted
from that of monomers. Because of the increased metal character in the excited
states (e.g., MMLCT) leading to the enhanced radiative decay rates, the emission
lifetimes of aggregated Pt(II) emitters are usually short, in the range of 0.1-1 ps,
which is fundamentally important for addressing the efficiency roll-off and the
operational lifetime issues of phosphorescent OLEDs. In addition, this aggregation
emission can be manipulated by tuning the doping concentration; this is particu-
larly useful for the design of high-performance red and NIR OLEDs.

Recently, two series of platinum [O*"N~C~N] complexes (Figures 6 and 7), i.e.,
type-I (Pt-21 and Pt-22) and type-II (Pt-15, Pt-16 and Pt-23) [39, 40], which are
prone to excited-state aggregation, were employed as emitting material in both doped
and non-doped deep red and NIR devices; these complexes exhibited high EQE and
low efficiency roll-off. For devices with neat complexes, high emission quantum
yields were only realized with type-I complexes. For instance, when using a neat Pt-21
film as the EML, the device demonstrated NIR emission with A,y exceeding 700 nm
and with an EQE of 15.84%. In addition, the EQE remained at 11.19% even at a high
current density of 100 mA cm™. Of the doped devices, the device based on Pt-16
(26 wt%) exhibited a deep red emission with A,y of 661 nm, CIE coordinates of (0.63,
0.37), and an EQE value of 21.75% at a luminance of 1000 cd m™. The operational
lifetimes at 90% initial luminance (LT90, Ly = 100 cd m™2) with 10 and 30 wt% Pt-23
as the dopant were 59 and 374 h, respectively, demonstrating that aggregation-based
devices would have longer lifetimes.

3.3.1.4 WOLED:s based on a single emitter

WOLED devices typically employ two or more co-dopants with different emis-
sion colors in the EML. Nevertheless, broad-band white light emission with a single
Pt(II) emitter could be achieved when both the high-energy monomer emission
and low-energy aggregation emission are harvested. In this case, a fine balance of
the concentration of excited state monomers and excited state aggregation spe-
cies is desired. Complex Pt-22 displays both high-energy monomer emission at
482 nm and low-energy emission at 633—-650 nm with emission quantum yields of
up to 0.78 when doped into a solid matrix beyond 1.5 wt% [41]. This complex was
first reported and used as a single emitter in white PLEDs by Che et al., and white

R = CHj: Pt-21; R = C;H5: Pt-22 Pt-23

Figure 7.
Chemical structures of platinum (II) complexes Pt-21-Pt-23.
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emission with an EQE of 11.51%, CIE coordinates of (0.41, 0.45), and a CRI of 74

at 1000 cd m > were realized with 16 wt% Pt-22 as the dopant. To further optimize
the performance of WOLEDs, devices with a structure of [ITO/MoOs (5 nm)/TAPC
(50 nm)/host:7 wt% 7 (10 nm)/EML (50 nm)/LiF (1.2 nm)/Al (150 nm)] were
fabricated. In these devices, 9-[3-[6-(3-carbazol-9-ylphenyl) pyridin-2-yl] phenyl]
carbazole (26DCzppy) or TCTA/26DCzppy (1:1 in weight) was used as a single

or double host, while TmPyPB or Tm3PyBPZ was used as the ETL. The EQE of

the TmPyPB device dropped slightly with increasing luminance. To decrease the
driving voltage, 26DCzppy was replaced with TCTA/26DCzppy (1:1 w/w), and

the turn-on voltage was decreased from 3.5 to 3.0 V, resulting in an EQE of 23.2%.
The turn-on voltage was further decreased to 2.7 V by replacing TmPyPB with
Tm3PyBPZ. Consequently, the PE of the device reached a high value of 55.51m W™,
which is comparable to the best reported values for a single emitter.

3.3.2 Pt(11) emitters with [N*C~C”N] ligands

In 2013, Li et al. developed two efficient blue-emitting tetradentate platinum
complexes with a carbazolyl-pyridine motif integrated into the ligand scaffold.
These complexes show emission quantum yields of up to 0.89, and the correspond-
ing devices achieved excellent EQEs of up to 25%, highlighting the potential of
these platinum emitters for blue OLED applications [42]. Subsequent works by
the same group demonstrated that the carbazolyl-pyridine entity is also a ver-
satile modular building block for various tetradentate dianionic cyclometalated
N~CACAN ligands, providing access to several new classes of efficient blue-, green-,
and red-emitting platinum(II) complexes [43-46].

3.3.2.1 Molecular design strategies

The emission energies of the complexes in this family can be rationally and readily
tuned by modifying the modular ligand scaffold, which consists of a cyclometalated
chromophoric CAN unit and an auxiliary carbazolyl-pyridine group connected by a
heteroatom or the heteroatom itself may be part of the chromophoric unit, as shown
in Figure 8. Complex Pt-24, bearing a 4-phenylpyridine ring, shows red emission
at 602 nm in solution at rt. Upon switching the 4-phenylpyridine group in the chro-
mophoric unit to a pyrazole moiety to raise the LUMO energy, the emission of Pt-25
is considerably blueshifted to 491 nm. The emission energy of the complexes can be
further increased by reducing or breaking the & conjugation via manipulation of the
chromophoric unit and/or the tethered group (Pt-26-28). For instance, by replac-
ing carbazole with a 9,10-dihydroacridine group to interrupt the = conjugation, the
emission maximum of Pt-28 is blueshifted by 8 nm to 483 nm with respect to Pt-25.

This class of Pt[N*CAC*N] complexes was reported to be free from excimer-based
emission, which was proposed to be a consequence of distortion of the molecular struc-
ture from planarity that disfavors intermolecular interactions [47]. Recently, Li and
co-workers conducted a systematic photophysical study on derivatives of Pt-25 and
found that introducing substituents on the auxiliary unit dramatically influenced the
emission spectral bandwidth and the nature of the emissive T, state through modulat-
ing the degree of mixing of '"MLCT/?MLCT characters with *IL state [48].

3.3.2.2 Red-emitting complexes and devices
Pt-24 is a representative red-emitting complex in this family [44]. This com-

plex shows strong absorption bands at 250-400 nm (e = 2.4-6.4 x 10*cm™' M ™)
attributable to 't—n* transitions localized on the cyclometalated tetradentate ligand.
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Molecular design strategies for color tuning.

The moderately intense absorption, which can be assigned to the '"MLCT transition
appears at a longer wavelength of 450-550 nm (e = 3900 cm™" M™"). Spin-forbidden
triplet absorption is located beyond 560 nm (e = 120 cm™ M™) in CH,Cl,. Pt-24
shows red emission at 602 nm in CH,Cl, with an emission quantum yield of 34% at
room temperature. A significant rigidochromic blueshift by ca. 30 nm to 574 nm is
observed in the glassy solution (2-MeTHF) at 77 K, which is a sign of strong mixing
of 'MLCT/°MLCT characters in the T; state.

The EL properties of Pt-24 were studied with a device structure of [ITO/
dipyrazino[2,3-f:2’,3'-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HATCN,
10 nm)/NPB (40 nm)/10% Pt-24:CBP (25 nm)/BAlq (10 nm)/Algs (40 nm)/LiF
(1nm)/Al (100 nm)], where BAlq is bis(2-methyl-8-quinolinolato) (biphenyl-
4-olato)aluminum. The device showed an orange-red emission band at 606 nm, and
this band was broader than that in solution. The EL spectrum also included a weak
blue emission between 450 and 550 nm, originating from the hole transporting
layer NPB. The device displayed a maximum EQE of 8.2% and an EQE of 7.8% ata
luminance of 100 cd m ™, which is not outstanding among the reported red-emit-
ting metal complexes. However, the operational lifetime was encouraging. At an
initial luminance of 1000 cd m™, the operational lifetime at 97% of the initial lumi-
nance (LTy;) was approximately 534 h, which is comparable to that of well-known
iridium complexes with similar device structures, e.g., Ir(ppy); and (pq).Ir(acac).
To remove the NPB emission as well as improve the efficiency, a 10-nm thick layer
of 9,9',9”-triphenyl-9H,9'H,9"H-3,3":6'3" -tercarbazole (TrisPCz), with a higher
LUMO level and triplet energy than the CBP host, was disposed between the HTL
and EML. The maximum EQE was further increased to 11.8%, and the operational
lifetime of LT, was estimated to be 542 h at a luminance of 1000 cd m™. In addi-
tion, by replacing Alqs with 2,7-di(2,2’-bipyridin-5-yl)triphenylene (BPyTP),
a device with the structure of [[TO/HATCN (10 nm)/NPB (40 nm)/TrisPCz
(10 nm)/10% Pt-24:CBP (25 nm)/BAlq (10 nm)/BPyTP (40 nm)/LiF (1 nm)/
Al (100 nm)] was fabricated to decrease the driving voltage. Notably, the device
showed a driving voltage of 3.6 V at a current density of 1 mA cm 2, which was
1.6 V lower than that of the above devices with Alq; as the ETL. Importantly, the
operational lifetime was also substantially improved, with an LTy; value of 638 h at

a luminance of 1000 c¢d m™2
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3.3.2.3 Green-emitting complexes and devices

Pt-25 displays strong green phosphorescence at 491 nm in CH,Cl, at room
temperature with emission quantum yields of 0.81 in CH,Cl, and 0.90 in doped
poly(methyl methacrylate (PMMA) films along with an exceptionally narrow spec-
tral bandwidth with an full-width-at-half-maximum (FWHM) of 18 nm, which is
comparable to those of quantum dots (25-40 nm) [46]. The authors attributed this
phenomenon to localization of the T; state on the chromophoric unit.

To investigate the EL properties of Pt-25, OLEDs with the structure [ITO/
PEDOT:PSS/NPB (30 nm)/TAPC (10 nm)/x% Pt-25:2,6-bis(N-carbazolyl) pyri-
dine (26 mCPy, 25 nm)/2,8-bis(diphenylphosphoryl)-dibenzothiophene (PO15,

10 nm)/1,3-bis[3,5-di(pyridin-3-yl) phenyl] benzene (BmPyPB, 30 nm)/LiF (1 nm)/
Al (90 nm)] were fabricated with dopant concentrations (x) ranging from 2 to 14%.
The device with a doping concentration of 14% demonstrated a maximum EQE of
25.6%. Additionally, Pt-25 was employed as the emitter in a device with a structure
of [ITO/HATCN (10 nm)/NPB (40 nm)/x% Pt-25:CBP (25 nm)/BAlq (10 nm)/Alq;
(40 nm)/LiF/Al] (x = 6, 10, and 20) to probe the operational stability. The device
with a dopant concentration of 10% exhibited an operational lifetime of 70 h at
70% of the initial luminance (LT, Lo = 2200 cd m™2), corresponding to an LT of
32,000 h at an initial luminance of 100 cd m™. Additionally, in an optimized device
structure of [ITO/HATCN (10 nm)/NPB (40 nm)/9-phenyl-3,6-bis(9-phenyl-
9H-carbazol-3-yl)-9H-carbazole (TrisPCz; 10 nm)/10% Pt-25:3,3-di(9H-carbazol-
9-yl)biphenyl (mCBP; 25 nm)/9,9’-(2,8-dibenzothiophenediyl) bis-9H-carbazole
(mCBT; 8 nm)/BPyTP (40 nm)/LiF/Al], a maximum EQE of 22.1% and LT, value

of ca. 60,000 h were achieved at a luminance of 100 cd m™.

3.3.2.4 Blue-emitting complexes and devices

Breaking the 7 conjugation of ligand scaffolds can increase the T; energy for
harvesting blue emission. By having all-six-membered chelate rings to interrupt the
T conjugation, the O-bridged carbazolyl-pyridyl complex Pt-26 shows a sky blue
emission at 473 nm in a PMMA film with a high emission quantum yield of 0.83
and an emission lifetime of 3.8 ps [43]. A subtle disruption of = conjugation could
also blueshift the emission. Pt-28, featuring a 9,10-dihydro-9,9-dimethylacridine
subunit, displays a structured emission at 476 nm at 77 K [45], corresponding to
CIE coordinates of (0.11, 0.30), which is 8 nm blueshifted from that of its carbazole
analog, Pt-25. The Pt-28-doped PMMA film showed a high emission quantum yield
of 0.68. Interestingly, the emission spectrum of Pt-28 in CH,Cl, at room tempera-
ture is dramatically broader than that of Pt-25, possibly due to the higher flexibility
of the ligand.

Devices with the structure [ITO/HATCN (10 nm)/NPB (40 nm)/EBL/10%
Pt-28:mCBP (25 nm)/HBL/BPyTP (40 nm)/LiF (1 nm)/Al (100 nm)] were fab-
ricated and EL properties and operational lifetimes were examined. The EBL and
HBL were arranged as follows: structure 1: no EBL/EML/BAIq (10 nm); structure
2: TrisPCz (10 nm)/EML/BAlq (10 nm); structure 3: no EBL/EML/mCBT (8 nm);
and structure 4: TrisPCz (10 nm)/EML/mCBT (8 nm). The device with structure
1 exhibited a maximum EQE of 8.2% at a luminance of 1000 cd m™2, and the LT+,
was estimated to be 375 h at the same luminance, which corresponds to an LT,
value of 18,806 h at an initial luminance of 100 cd m™. Using TrisPCz to confine
the electrons inside the EML, the device with structure 2 demonstrated a slightly
improved peak EQE of 10.1% at 1000 cd m ™, and the LT, was estimated to be
416 h. Notably, when BAlq in structure 1 was replaced with a higher bandgap
material (mCBT), the device with structure 3 displayed a peak EQE of 15.9%,
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and the LT, was significantly prolonged to 635 h at 1000 cd m > and 31,806 h at
100 cd m™% Considering the advantages of TrisPCz (EBL) and mCBT (HTL) in the
above devices (i.e., structures 2 and 3), these materials were employed in structure
4. As expected, this device achieved the best efficiency, namely, a peak EQE of
17.8%. However, the operational lifetime of LT decreased to 482 h at a luminance
of 1000 cd m™.

Overall, tetradentate cyclometalated Pt(II) emitters have been demonstrated to
exhibit high versatility in emission color tuning across RGB colors and white light, as
well as superior photophysical and electroluminescent efficiencies and respectable
operational lifetimes at practical luminance levels. While the performance metrics of
this class of Pt(II) emitters are comparable to that of the best reported Ir(III) emitters
in many aspects, more focused efforts should be directed at reducing the radiative
lifetimes of these emitters by careful molecular design, which will be instrumental in
further improving the operational stability of these complexes to meet the stringent
standards required for commercialization.

4, Conclusions

Substantial room for innovation remains in OLED materials research, and the
development of robust, high efficiency emitters for diverse applications remains a
challenge both in academia and industry. While in the past decade, tris-(bidentate
chelate) iridium(III) complexes have been seemingly edging out other classes of metal
phosphors, it is remarkable that tetradentate platinum(II) emitters have demonstrated
high performance and are being increasingly recognized by academia and industry
as a competitive alternative. Importantly, the unique aggregation behavior and the
associated photophysical properties afforded by their planar coordiantion geometry
distinguish platinum(II) emitters from octahedral iridium(III) emitters. The unique
photophysical properties of platinum(II) emitters render them well suited for some
OLED applications using simple device structures such single-dopant WOLEDs
and aggregation-based red and NIR OLEDs as covered in this review. In addition,
appropriate molecular design of the ligand scaffold allows the regulation of the
emissive excited states and the intermolecular interactions, which consequently offers
flexibility in manipulating the emission characteristics of platinum(II) emitters to
cater to various OLED applications. Indeed, sustained and concerted efforts between
academia and industry have already realized successful application of tetradentate
Pt(II) emitters in OLED devices in an industrial setting. It is without doubt that
Pt(II) emitters, after full optimization, will meet the technical specifications includ-
ing operational stability, required for commercialization. We hope the perspective
described herein will spur interest among stakeholders and drive further development
of tetradentate Pt(II) emitters for display and lighting applications.
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